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This thesis explores application of the Direct Interconnection Technique (DIT) to Marine 
Renewable Energy (MRE) devices specifically Airborne Wind Energy (AWE). 
Interconnecting offshore generators and delivering generated power to the grid are critical 
challenges in dealing with offshore generation. In offshore renewable energy (wind) 
generation, (unlike conventional steam or gas plants which are dispatchable), the prime 
mover is non-dispatchable and generated power changes with wind conditions. By current 
design power converters are integrated with each offshore generator and after these power 
converters interconnected through the transmission system to grid onshore. Because of long 
distances from the shore, the repair and maintenance for offshore plant including power 
converters is very expensive and system reliability is most important as mobilising in 
response to faults offshore takes considerable time with considerable associated cost and 
missed opportunity / missed generation costs.   These are motivating factors in developing 
AWE systems and in development of integration solutions for off shore farms. 
A comprehensive research work to design, develop and examine the use of DIT for 
offshore non-reversing pumping mode AWE systems has been performed, shown to be 
effective and improve the ruggedness of the offshore installation by relocating power 
converters to shore. A laboratory hardware setup has been developed to emulate a small 
AWE farm. The hardware setup is used to develop and examine a holistic DIT approach for 
AWE farms. For the first time, a series of experimental tests of a DIT algorithm for AWE 
systems has been carried out. The test results prove the theoretical expectations and the 
technical feasibility of the direct interconnection technique for non-reversing pumping 
mode AWE devices. Also, computer simulation models have been developed to research 
with more flexibility. The performance of the directly interconnected AWE systems under 
normal and fault conditions has been studied. The outcomes can be used in the design of a 
universal protection system. The quality of the power generated by the directly 
interconnected AWEs has been evaluated. Proper controllers have been developed to 
control the load balance and reactive power exchange of the directly interconnected AWE 
generators. By the implementation of the proposed active and reactive power controllers a 
notable improvement in power quality has been achieved. 
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The research has demonstrated the efficacy of the DIT technique applied to AWE energy 
generation farms and demonstrates that power conversion can be relocated to landfall 
where readily maintained. This work has been supported by SFI supported MaREI research 
centre under grant no 12/RC/2302 and by H2020 Marie Skłodowska-Curie action: ITN 
AWESCO [Reference No. 642682]. 
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AC Alternating current 
AFC Automatic frequency controller 
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AWE Airborne wind energy 
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M Motor 
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ML Main load 
MRE Marine renewable energy 
PC Personal computer 
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PID Proportional-Integral- derivative (controller) 
PLL Phase-locked loop 
PM Permanent magnet 
PMSG Permanent magnet synchronous generator 
PS Proximity sensor 
RPC Reactive power controller 
RMS Root-mean-square 
RT Real-time 
SCIG Squirrel cage induction generator 
SEAI Sustainable Energy Authority of Ireland 
SRF-PLL Synchronous reference frame PLL 
STATCON Static synchronous compensator 
TCSC Thyristor-controlled series capacitor 
TCSR Thyristor-controlled series reactor 
TDMS Technical Data Management Streaming 
TFM Transverse flux machine 
VCO Voltage controlled oscillator 
VFD Variable frequency drive 
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Symbol Description Units 
𝐵 Combined viscous friction coefficient - 
𝐶𝐿 Coefficient of lift - 
𝐶𝐷 Coefficient of drag - 
𝐶𝑅 Resultant aerodynamic coefficient - 
𝐷  Drag force N 
𝐸 Lift to drag ratio 𝐸 
|𝐸| Induced internal voltage in the stator windings of the PMSG V 
𝑓𝑒 Electrical frequency Hz 
𝐹𝑡 Tensile force N 
𝑖𝑠𝑑 Stator current in d-q frame (d component) A 
isq Stator current in  d-q frame (q component) A 
J Combined inertia of the generator and drivetrain kg.m2 
𝐿 Lift force N 
𝐿𝑑 Stator inductance in d-q frame (d component) H 
𝐿𝑞 Stator inductance in d-q frame (q component) H 
𝑛𝑝 Number of pole pairs - 
𝑃𝑔𝑒𝑛 Generator’s active power W 
𝑃𝑚 Mechanical power W 
𝑄𝑔𝑒𝑛 Generators reactive power VAR 
𝑅 Resultant aerodynamic force N 
𝑅𝑠 Stator resistance  
𝑟 Radius of the tether drum m 
S Area of wing m2 
𝑇𝑒 Electromagnetic torque N.m 
𝑇𝑓 Drive friction torque N.m 
𝑇𝑚 Mechanical torque N.m 
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𝑢𝑠𝑑 Stator voltage in the d-q frame (d component) V 
𝑢𝑠𝑞 Stator voltage in the d-q frame (q component) V 
𝑉𝑎
  Airspeed m/s 
𝑉𝑑 Downwind velocity m/s 
𝑉𝑡 Tether velocity m/s 
𝑉𝑤 Wind speed m/s 
𝑉𝑤_ℎ
  Wind speed at altitude m/s 
𝜃 Tether angle of elevation rad 
ρ Air density Kg/m
3
 
𝜓𝑠𝑑 Induced flux linkages in the stator d-q frame (d component) Wb 
𝜓𝑃𝑀 Flux linkage Wb 
𝜓𝑠𝑞 Induced flux linkages in the stator d-q frame (q component) Wb 
𝜔𝑑 Angular velocity of the tether drum rad/sec 
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Chapter 1 Introduction 
Wind energy is the most ylediw used type of renewable energy for electrical power 
production after hydropower (International Energy Agency 2014). It has seen and 
continues to see the most significant absolute increase in the non-hydro renewable 
energy output, and it is anticipated that its share in the total worldwide electricity 
generation rises to 4.5% by 2030 (International Energy Agency 2014). In 2015 alone, 
wind power installation reached 63 GW which represents a 22% increase just in one 
year (Global Wind Energy Council, 2016). In 2016, more than 54 GW wind power has 
been installed which has raised the total global installed capacity to 486.8 GW (Global 
Wind Energy Council, 2017). The global installed capacity has reached to 539 GW with 
52.5 GW new wind power installed across the globe (Global Wind Energy Council, 
2018). Researchers are looking for solutions such as increasing wind turbine power 
production, increasing the height of turbine or improving the subsystems such as blade 
design, gearbox, back to back converters, energy storage systems, and power systems 
for power transmission and grid interconnection to reduce the total cost of wind energy 
systems. In 2017 the wind energy price has decreased to US$ 0.02/kWh in Mexico and 
the first subsidy-free wind energy project has launched in Germany (Global Wind 
Energy Council, 2018). 
On the other hand, studies show that the amount of the electrical power which is 
possible to be generated by wind turbines is much less than what was predicted 
previously. In 2011, researchers in the Max Planck Society predicted that the maximum 
total electrical power of 68 TW is extractable from the winds across the world over the 
non-glaciated land surfaces (Miller et al. 2011). However, studies in 2013 and 2014 has 
shown that with considering the drag effect of wind turbines on the local winds, large-
scale wind production (>100 km
2
) is limited to 1 W/m
-2
 resulting in the total wind 
power production of 20 TW or even less (Adams et al. 2013; Miller et al. 2014).    
Airborne wind energy technology could prove helpful in increasing the amount of 
generated power from wind. For instance, in Ireland, an analysis of the weather data in 
five geographical sites shows 30% and 45% wind speed increase at the altitude of 750 
2 
 
m compared to the altitude of 100 m (O’Gairbhith, 2009). Through this analysis, a 
capacity factor of 52.2% has been estimated for a pumping mode airborne wind energy 
device located at these sites while the average wind turbine capacity factor in Ireland is 
26% (EirGrid and SONI, 2018). In comparison with conventional wind turbines, 
airborne wind energy systems can reach the stronger and more consistent winds at 
higher altitudes with less technical and economic limitations. AWE systems concepts 
variously employ tethered gliders, kites or wing mounted horizontal axis turbines, 
tethered to a ground station. Since the first airborne wind energy study in 1930 
(Manalis, 1976), several airborne wind energy systems have been introduced for 
generating electricity from winds at the higher altitudes (Cherubini et al. 2015). 
Pumping mode airborne wind energy systems are the most common AWE systems. A 
conceptual drawing of a pumping mode AWE system is shown in Fig.  1. In this 
system, a kite or glider is tethered to a ground station which consists of a tether drum 
coupled to a generator which generates electrical energy. The operation of this system 
has two phases, a power haul out phase and a kite recovery phase. The combined cycle 
is called a pumping mode cycle. A tethered kite or glider is the prime mover of the 
system and produces lift and hence tether tension from cross-wind flight motion. The 
kite flight trajectory and the lift force are controlled by a flight control system tethered 
to the ground station. During the power phase, mechanical power is delivered to the 
power take-off system. When the kite arrives at the programmed maximum tether 
length, the operation is switched to the recovery phase. During this phase, the kite 
should be recovered to the initial tether length. In the recovery phase, the tether drum 
(and generator in most experimental designs) are reversed (driving the generator as a 
motor) to recover the tether. To decrease the power consumption during this phase, the 
flight controller tries to minimise lift configuration by stopping cross wind manoeuvres 
and altering the wing profile. 
Reversing the generator creates difficulty for utility-scale grid interconnection due to 
inefficiencies of stopping a large generator and reversing the system as a motor. The 
process of reversing a high inertia drivetrain and generator needs advanced power 
electronic converters to perform the four-quadrant operation for braking, stopping and 
reversing in each cycle of operation which increases the cost and complexity of the 
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system (Arias et al. 2013; Antony and Raj, 2015). Furthermore, the reversing process 
introduces full-scale power electronics converters at each unit which are a known high 
failure component (Spinato et al. 2009; Pican et al. 2011). Non-reversing pumping 
mode AWE systems have been originally developed at the University of Limerick, 
Ireland (Coleman et al. 2013, 2014; Coleman 2014). In this type of pumping mode 
AWE system, mechanical power is delivered to the power take-off system by an 
overrunning clutch. This clutch is on the generator side of the tether drum and thus 
bypasses the generator during the recovery phase, allowing the tether drum reversal 
powered by a separate fractional scale electrical motor without the reversal of the 
generator. The non-reversing pumping mode airborne wind energy system is illustrated 
in Fig. 1.2. Furthermore, a variation on the concept of using a separate motor and 
generator for the recovery phase and power phase has also been considered by the 
researchers at TU Delft (Fechner et al. 2013).  
 
                                                      (a)                                                            (b)                  
Fig. 1.1 Pumping mode airborne wind energy system, soft wing (a), rigid wing (b) 
The research of this thesis aims to improve and optimise the performance of the ground 
station system for offshore non-reversing pumping mode AWE systems. As an essential 
part of the ground station, this work focuses on the direct interconnection technique 
(Toal et al. 2010; Pican et al. 2011) as a critical solution for improving the economy and 
reliability of the offshore AWE farms. In the direct interconnection technique unlike the 
conventional approach for marine renewable energy systems, generators are 
interconnected directly without any power electronic converter. After transmitting the 
generated power to shore, the shore-based power electronic converter(s) is used to 
convert the power to comply to the grid operator codes for grid interconnection (Pican, 
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2011). The Controllers and direct interconnection algorithm for pumping mode airborne 
wind energy systems are designed and developed. The performance and interaction of 
the directly interconnected AWE systems are studied through simulation models and a 
laboratory hardware setup in the thesis. Furthermore, feasibility, power quality, 
operation under fault conditions and the grid interconnection of the directly 
interconnected AWE systems are investigated and discussed.   
 
Fig. 1. 2  Non-reversing pumping mode airborne wind energy system 
1.1 Motivation 
Ireland has outstanding potential for wind energy. Ireland has committed to supply 16% 
of its energy demand from renewable energy by 2020. This target has considered 40% 
renewable energy share for the electricity demand in Ireland (IEA Wind, 2018).  Ireland 
has the potential for installation of 30GW offshore wind turbines and 11GW-16GW on-
shore wind by 2050. Considering the electricity demand growth, Ireland is potentially 
capable of exceeding generation of total domestic electricity demand by 2030 (SEAI, 
2011). Offshore winds are stronger and more consistent than on-shore wind. Also, in the 
offshore there are less or no land limitation for installing large wind energy farms and 
environmental effects such as noise and visual impacts are lower compared to the land-
based wind energy farms (Santos et al. 2016). Offshore wind energy has been 
considered by the Irish government to meet the EU 2020 target. In a white paper 
published by the Irish government in 2015, it has been noted that “Ireland’s sea area is 
around ten times the size of its landmass and the country has one of the best offshore 
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renewable energy resources in the world. It offers significant potential for offshore 
wind, wave and tidal energy. Offshore wind has been effectively used in other EU 
Member States and can yield a higher relative energy output than onshore wind” 
(Ireland Department of Communication, Energy and Natural Resources, 2015). The 
direct interconnection technique which has been developed and examined in this thesis 
for offshore AWE systems can provide a significant improvement in the reliability and 
the economy of offshore AWE farms. Power electronic converters possess the third 
highest rate of failure among wind turbine subassemblies (Spinato et al. 2009). The 
direct interconnection technique, relocates the offshore-based power electronic 
converters to shore. It can improve the economics of the marine AWE systems by 
reducing the number of expensive offshore operations for the repair and maintenance of 
the power electronic converters.  
Furthermore, the shore-based converters are available at any time and in any weather 
condition for repair and maintenance. This can increase the reliability of the overall 
system by decreasing the weather window limitations and decreasing the rate of the 
system breakdowns caused by the failure of the power electronic converters. Also, 
according to The European Wind Energy Association (2009), 91% of a typical wind 
turbine cost is allocated to the turbine (75.6%), grid connection (8.9%) and foundation 
expenses (6.5%). AWE facilitates the elimination of the tower and turbine and requires 
less civil and mechanical constructions than is the case for conventional wind turbines. 
This results in a significant economy improvement notably for offshore wind energy 
systems where marine operations and installations are expensive (Coleman, 2014).       
1.2 Problem statement 
Pumping mode airborne wind energy systems represent a unique mechanism which is 
significantly different to other renewable energy systems. These systems do not always 
perform as a generator so that over the recovery phase they operate as a motor although 
at the end of a complete operation cycle their generated power is more than the power 
that they have consumed. Operation and interaction of these systems with this particular 
pumping mode operation mechanism within an energy farm must be studied. Also how 
best to deal with interconnection of AWE farms to load/grid must be studied and 
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investigated. The feasibility and efficiency of the direct interconnection technique for 
non-reversing pumping mode AWE systems is the principal question of this research. In 
this method, power electronic converters are not available for AWE generator to 
generator interconnection and generators must be interconnected and synchronised 
directly to each other. The incoming torque from the wing is potentially highly 
oscillatory, and finding the best synchronisation moment for AWE generators is a 
critical challenge. An incorrect interconnection when the voltage, frequency and phase 
angle do not meet the synchronisation criteria generates significant transient torques, 
which can be very harmful to the generator and the mechanical and electrical system. 
Hence, fast and accurate controllers and synchronisers are necessary to achieve proper 
synchronisation. After synchronisation, the generators operate with the same frequency, 
and voltage (i.e. synchronously) and any change in the frequency and the voltage of the 
interconnection bus affects the performance of all the generators connected to that bus. 
The dynamics and interaction of the directly interconnected generators during the power 
phase and the recovery phase must be investigated, and appropriate controllers must be 
developed to control the operation of the synchronised generators. Furthermore, load 
balance, reactive power exchange and the power quality of the directly interconnected 
AWE systems inside a farm should be evaluated and improved as necessary.    
1.3 Research methodology 
1.3. 1  Laboratory hardware setup 
A laboratory rig has been designed and built. The rig includes three 1.4kW permanent 
magnet synchronous generators (PMSG) which are coupled with three 2kW induction 
motors as prime movers. The induction motors are driven by variable frequency drives 
(VFD). The VFDs convert 1ph ac input power to 3ph ac to run the induction motors. 
They are capable of driving the induction motors with different speeds and torques. 
Through the VFDs, it is possible to simulate the action of the wing and tether drum on 
the PMSGs.  National Instrument devices (LabVIEW software and CompactRIO) along 
with sensors and relays are used for data acquisition and control. To control the whole 
laboratory rig, the CompactRIO is equipped with eight digital and analogue I/O 
modules. Magnetic current sensors are connected to the analogue modules of the 
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CompactRIO. Also, voltage measurement modules are used to measure the system 
voltages. Inductive proximity sensors are used to estimate the generators speed. These 
sensors are connected to CompactRIO through a digital I/O module. The CompactRIO 
is connected to a PC by a network switch where a LabVIEW program has been 
developed to control the system. The rig is used as the scaled down model of a small 
off-shore airborne wind energy farm. It is used for modelling the non-reversing 
pumping mode AWE systems and investigating the feasibility and performance of the 
direct interconnection technique for the AWE systems. The AWE laboratory hardware 
set up has been developed in a laboratory of the Centre for Robotics & intelligent 
systems at the University of Limerick.  
1.3. 2 Computer simulation 
A simulation model of an offshore AWE farm has been developed in Matlab/Simulink 
software. The AWE systems modelled are non-reversing pumping mode airborne wind 
energy systems. The farm consists of three generation units, and each unit can produce 
maximum power of 800 kW. Generators are connected to local dump loads, and after 
interconnection, they are integrated with the load through an underwater ac transmission 
line and a power transformer. The simulation model is used for investigation and 
development of direct interconnection technique for offshore AWE farms. The 
performance of the AWE farm under normal and fault conditions is studied. Also, the 
quality of the produced power by directly interconnected generators and their 
interaction with the load is studied. Finally, a comprehensive, integrated direct 
interconnection system consisting of different controllers has been developed for 
offshore non-reversing pumping mode AWE systems.        
1.4 Major findings of this research 
The interconnection system is a critical part of the airborne wind energy systems which 
operate together inside an energy farm. A reliable and practical interconnection system 
is highly valuable for the quality and the final cost of the generated power in AWE 
farms. These factors are even more important in dealing with marine wind energy 
systems. In offshore wind energy systems, due to the difficulties and high cost 
associated with accessing the offshore-based equipment, an efficient and robust 
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interconnection system is crucial. Pumping mode AWE technology looks an extremely 
promising system for the offshore wind energy. Elimination of the turbine, blades, 
tower and gearbox can cause a considerable reduction in the cost of the offshore 
construction works and the repair and maintenance expenses. However, the 
performance of these systems is still highly dependent on the power electronic 
converters for the interconnection with other generators and the power grid. Reducing 
the dependency of the offshore AWE systems on marine-based power electronic 
converters using the direct interconnection technique can potentially lead to a 
significant improvement in performance and efficiency as investigated in prior work at 
the University of Limerick (Coleman 2014; Pican 2011).  
In this research, the direct interconnection technique has been developed and examined 
for offshore non-reversing pumping mode AWE systems. To model an offshore AWE 
farm a laboratory hardware setup has been designed and built. The operation of directly 
interconnected AWE systems under normal and fault conditions is studied within the 
laboratory rig and computer simulation models. Automatic controllers have been 
designed and implemented for controlling the synchronisation, frequency, load sharing 
and reactive power exchange. In the end, a comprehensive direct interconnection 
system for offshore non-reversing pumping mode AWE farms has been designed 
developed and investigated in detail.                         
1.5 Contribution 
This research work has resulted in the following contributions: 
 A laboratory hardware setup system has been designed and developed to model 
the AWE systems and the AWE energy farms. The rig consists of three coupled 
motor and generator systems and is capable of simulating airborne wind energy 
farms including the prime mover operation, automatic and manual control of the 
generation units and the interconnection of the generators with each other and 
load. The hardware setup is capable of simulating other renewable energy 
systems such as the conventional wind turbines, wave and tidal energy systems 
and hybrid renewable energy farms.  
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 The represented model of the offshore AWE farm in this work uses the direct 
interconnection technique which can make a significant reduction in the number 
and cost of offshore inspections and repair and maintenance operations of the 
power electronic converters by relocating them from offshore to shore. 
 The developed direct interconnection technique for AWE systems in this thesis 
can improve the reliability of the offshore AWE farms by eliminating the 
marine-based power electronic converters. The land-based power electronic 
converters are available at any time and in any weather condition leading to less 
weather window limitations and a lower system break down rate resulting from 
faulty power electronic converters. The enhanced reliability can make offshore 
AWE systems more beneficial for the power grid interconnection. 
 The grid compliance process has been transformed from the marine site to shore. 
It can make the offshore AWE farm operation more independent from the grid. 
AWE farm operators can start up the system without considering the grid 
operation codes, and after transmission of the generated power to shore they can 
realise the grid interconnection process. Before the grid interconnection or 
during grid curtailments, the generated power can be stored in batteries or other 
storage systems. 
 The directly interconnected generators of the AWE units are always 
interconnected with the main bus of the energy farm even during the recovery 
phase when it does not generate active power. Hence, the interconnection with 
the main bus and the grid is performed just one time instead of every operation 
cycle causing a ruggedised system with faster operation phase transition and less 
mechanical torque stress on the generator and mechanical equipment. 
1.6 Thesis layout 
 Chapter 1 (current chapter) presents a brief introductory background of airborne 
wind energy technology. Also motivations, problem statement, research 
methodology, major findings and contributions made by this research work are 
briefly introduced.   
 Chapter 2 investigates in detail airborne wind energy technology as a new 
approach to harvest stronger wind streams at higher altitudes for renewable 
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energy. This chapter investigates recent developments in this field. Conventional 
wind energy and current constraints for its development are discussed, and 
airborne wind energy as an appropriate solution in the literature is reviewed. 
Different AWE technologies are reviewed and appraised, and other related 
issues such as transmission and curtailment are discussed. 
 Chapter 3 presents the design, construction and the test results of the laboratory 
hardware system for modelling of the scaled down non-reversing pumping mode 
airborne wind energy systems. Different stages of the design, construction and 
validation are reported. Also, the feasibility and efficiency of the direct 
interconnection technique for the AWE systems is examined within the 
laboratory rig. In the end, a complete direct interconnection system has been 
developed and implemented on the rig, and test results are discussed. 
 Chapter 4 aims to implement and study the practicality and reliability of the 
direct interconnection approach for the offshore non-reversing pumping mode 
airborne wind energy generator systems through the computer simulation model. 
The ability to model the offshore AWE farms in a larger size and more freedom 
for investigating the performance of the AWE systems under the particular 
conditions such as fault situations which are impossible or expensive to be tested 
on the laboratory rig, are the primary motivations for developing the computer 
simulation model of an offshore AWE farm. In this chapter, the interaction of 
the directly interconnected AWEs in normal and fault conditions is investigated, 
and synchronisation, frequency control and load sharing control of the AWE 
farm are examined and discussed. This chapter also investigates the power 
quality of the directly interconnected AWE generators. The results of the study 
conducted in this chapter, show the directly interconnected AWE systems which 
employ PMSGs represent a poor load balance and reactive power exchange 
leading to improper reliability and efficiency for the AWE farm power network. 
Power control strategies for controlling the active and reactive power are 
designed and implemented, and results are discussed. 
 Chapter 5 gives the conclusion of the research. Results are briefly reviewed, and 
suggestions for further works are presented in summary. 
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Appendices provide further information, and in each chapter, the reader is directed to 
the relevant appendices for more details.  
Appendix A: The laboratory hardware designs 
Appendix B: LabVIEW code 
Appendix C: Computer simulation code 









































Chapter 2 Literature Review 
 
An AWE system typically consists of a free-flying airborne element such as a kite, 
glider or floating horizontal axis wind turbine, which is connected to ground through a 
tether. The first study of airborne wind energy was conducted in 1930 in California, 
USA, though the first attempt to produce electricity from an airborne wind energy 
device was in Minnesota, USA; a generator was installed on a balloon, and it was 
capable of producing 350W electrical power (Manalis, 1976). Loyd in 1980 reported the 
first analysis of kite for generating electrical energy. He modelled a large-scale power 
production using an aerodynamically efficient kite. According to his work with the use 
of a tethered wing as big as a C-5A aircraft, he estimated it would generate 6.7 MW of 
electrical energy with a 10m/s wind (Loyd, 1980).       
The primary motivation for developing airborne wind energy systems is accessing 
stronger winds at higher altitudes. With increasing altitude, the speed of wind increases 
and winds are more consistent and less turbulent. At altitudes above 200m, wind energy 
devices can provide a high capacity factor at lower cost (Archer and Calderia, 2009). 
According to (eq. 2.1) the wind power density at altitude (WPDh) increases to the cube 
of wind speed (Archer, 2013). Wind speed is a function of altitude. Fig. 2.1 illustrates 
the increase in wind velocity and power density with altitude. It can be observed that 
even a small increase in altitude can cause a significant improvement in power density. 
It is the primary motivation driving the development AWE devices as the velocity of 
wind increases with altitude; generating wind energy at the higher altitudes than 
possible with civil structures is made possible by using airborne generation. With even 
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Fig. 2.1 (a) Wind speed and power density with altitude, (b) Wind density and power 
density percentage increase with altitude (Coleman, 2014). 
Since the first launch of airborne wind energy systems in 1980 various technologies 
have been introduced. In some techniques, the generator is installed in the ground 
station while in some other technologies it is mounted on the wing. Some AWE systems 
utilise a soft wing (kite or parafoil) while in some other techniques rigid wings (glider 
or aircraft) have been used as the prime mover of the system. The use of a floating 
turbine is another approach for reaching the winds at higher altitudes with less 
mechanical and civil infrastructure.  
In this chapter, airborne wind energy systems are classified into two categories, ground 
mounted generator AWEs (GG-AWEs), and wing mounted generator AWEs (WG-
AWEs). In section 2.1 and 2.2, technologies related to each category is considered, and 
pros and cons of each technology is discussed. In section 2.3 other AWE research and 
development activities in several companies and universities is reviewed. Section 2.4 
discusses power transmission and grid interconnection for offshore wind energy 
including high voltage DC (HVDC), high voltage AC (HVAC), direct interconnection 
and marine transmission cables. Section 2.5 gives a review of generator technologies for 
wind energy systems and grid synchronisation methods. Finally, in section 2.6 the 




2.1 Ground Mounted Generator AWE Systems 
2.1.1  Windmill Airborne Wind Energy System 
The first concept of the GG-AWE system discussed is the Laddermill. The initial 
concept of the Laddermill AWE system was introduced by W. J. Ockles in the Delft 
University of Technology (Meijaard et al. 1999). Fig. 2.2 demonstrates the Laddermill 
concept. As can be seen, the system is a self-supporting machine equipped with a series 
of wings connected to an endless cable providing a lift force. To have a surplus 
generated power, controlling the wings is necessary. During the ascent, the wings are 
controlled to provide a high lift and over the decent operation they are set for low lift 
performance. As shown in Fig. 2.3, the lift control of the ascending and descending 
wings is performed by controlling the wings’ angle of attack. The provided force from 
the wings rotates the ground station drum which is connected to a generator for 
production of electricity. A dynamic model of this system has been reported in Meijaard 
et al. (1999). The modelled Laddermill is a system with 101 lifting bodies capable of 
reaching an approximate height of 3500 m. In this model, wings have been considered 
as rigid bodies with area of 54 m
2
 and weight of 54 kg. The model shows that the 
system is capable of producing 200 kW power when wind speed is 8 m/s.    
 
Fig. 2.2 Laddermill concept (Meijaard et al. 1999) 
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A simulation model design for the Laddermill system was introduced in 2001 (Ockels, 
2001). The model is an operational model which also includes a cost model to optimize 
the economy of the system. This model was applied to a 10 year recorded wind dataset 
and results show that the system has a great potential for the production of a significant 
amount of power at low cost. According to this research, the estimated cost of the 
Laddermill system would be between 0.6 and 6 kFl/kW while for the conventional wind 
turbines with horizontal axis turbine it would be 8.8 kFl/kW (1US$=2.2Fl (Dutch 
guilder)) (Ockels, 2001). 
 
Fig. 2.3 Control of the angle of attack for ascending and descending wings (Ockels, 
2001) 
2.1.2 Pumping Mode Airborne Wind Energy System 
Pumping mode AWE systems use a kite or glider which is tethered to a ground station 
and these are the primary type of GG-AWE. The ground station consists of a tether 
drum which is mechanically coupled with a generator for electricity production. A 
pumping mode AWE system is illustrated in Fig. 2.4. The operation cycle is divided 
into two phases. The power phase or pumping phase and the recovery phase. During the 
power phase, the wing flies up and provides mechanical power for power generation. 
When the wing arrives at the maximum tether length the generator is reversed to operate 
as a motor for retrieving the tether to the initial length for a new power phase. To 
achieve excess power and decrease the power consumption during the recovery phase, 
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the wing must be controlled for maximum lift during the power phase and for minimum 
lift during the recovery phase.   
 
Fig. 2.4 Pumping mode airborne wind energy systems (Kite Power, 2018) 
Lansdorp and Ockels introduced the idea of pumping mode operation in 2005. They 
designed a 100MW Laddermill system for operating at 5km altitude. This Laddermill 
system used a new operating procedure called pumping mill (Lansdorp et al. 2005). The 
pumping mill process has become popular among AWE researchers, and it is the base 
of the method which is now called pumping mode (Coleman, 2014). However, while 
the pumping mill system uses multiple kites, pumping mode AWE systems generally 
use a single wing because of the high complexity of an AWE system with multiple 
wings. 
Flight control of the wing is a significant issue for optimizing the system efficiency. 
Use of figure-of-eight flight pattern is the most popular technique for pumping mode 
AWE systems because of the high tether tension force that this crosswind flight 
approach provides. This technique is illustrated in Fig. 2.5.  During flight, the automatic 
controller drives the kite to follow the figure-of-eight pattern while ascending. During 
the recovery phase, the automatic controller changes the wing aerodynamic to provide 
the minimum lift for descending and rewinding the tether on the drum. ‘Side-slip’ or 
‘flagging’ is another method used to minimise the power consumption during the 
recovery phase. In this technique which is applicable for soft and semi-rigid wings with 
two lines, the kite lift force is deactivated by differentially winding lines on one side of 
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the kite ahead of the other side to stall the kite. Once the kite stalls, both lines are 
wound on the tether with the same speed (Dunker, 2013). 
 
Fig. 2.5 Flight control of the pumping mode AWE system during the power phase and 
recovery phase (Cherubini et al. 2015) 
2.1.3 Non-Reversing Pumping Mode AWE system 
Reversing the generator in the pumping mode procedure creates difficulty for utility-
scale grid interconnection due to the inefficiencies of stopping a large generator and 
reversing the system as a motor. The process of reversing a generator needs advanced 
power electronic converters to perform the four-quadrant operation for braking, 
stopping and reversing in each cycle of operation which increases the cost and 
complexity of the system. Furthermore, the reversing process introduces full-scale 
power electronics converters at each unit which are known as a high failure component 
(Spinato et al. 2009; Pican et al. 2011; Zhao et al. 2017). Non-reversing pumping mode 
AWE systems have been initially developed at the University of Limerick, Ireland 
(Coleman et al. 2013, 2014; Coleman, 2014). In this type of pumping mode AWE 
system, mechanical power is delivered to the power take-off system by an overrunning 
clutch. This clutch is on the generator side of the tether drum and thus bypasses the 
generator during the recovery phase, allowing tether drum reversal powered by a 
separate fractional scale electrical motor without reversal of the generator. The non-
reversing pumping mode airborne wind energy system is illustrated in Fig. 2.6. 
Furthermore, a variation on the concept of using a separate motor and generator for the 
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recovery phase and power phase has also been considered by the researchers at TU 
Delft (Fechner and Schmehl, 2013). 
 
Fig. 2.6 Non-reversing pumping mode airborne wind energy system (Coleman, 2014) 
2.1.4 Moving Ground Station Airborne Wind Energy Systems 
Moving ground station airborne wind energy systems can be classified into two 
categories, vertical axis turbine and rail generator. The concept of the vertical axis 
turbine AWE system is shown in Fig. 2.7. The wings are tethered to a rotary table on 
the ground station. The incoming lift force from the wings rotates the rotary table and 
the vertical axis generator which is coupled with the rotary table to generate electricity. 
The vertical axis turbine AWE system has been proposed and patented by Automation 
S.R.L and Ippolito Massimo in 2004 (Ippolito, 2004). Canale et al. (2009) represents a 
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simulation model of this system. The simulation model consists of a single arm rotor 
generator with the rotor radius of 300 m and a kite with an area of 100 m
2
 and mass of 
50 kg. Simulation results show that in air density of 1.2 kg/m
3
 and wind speeds of 8m/s, 
12 m/s and 17 m/s at altitudes of 0, 100 and 300m respectively, the system generates the 
mean value of 478 kW electrical power over the two full cycles of operation at an 
altitude of 100 m (Canale et al. 2009).   
 
Fig. 2.7 Vertical axis turbine AWE system (Cherubini et al. 2015) 
Fig. 2.8 illustrates a rail generator AWE system. The rail generator system consists of 
kites which are connected to the rail-moving carts in the ground station. In this system 
which is called X-Wind, the kites tow the carts, and the installed generators on the carts 
convert the harvested energy from the wind to electrical energy. The operation has two 
phases, propulsion phase and hauling phase. During the propulsion phase, the kite pulls 
the cart, and the system generates electricity. When the cart arrives at the bend at one 
end of the track, the system is switched to the hauling phase of operation. In this phase, 
the system performs like a locomotive, and it consumes energy in towing the kite. 
Having several carts on the track the overall power is positive continuous and stable. A 
prototype of the X-Wind AWE system has been developed and tested by NTS GmbH 
capable of generating 1kW per m
2
 of wing area on a 400m flat-bed straight track 




 Fig. 2.8 X-Wind airborne wind energy system (Ahrens et al. 2013a) 
2.2 Wing Mounted Generator AWEs 
2.2.1 Turbine Mounted on Plane 
Installing the wind turbine on a wing aloft is another approach for airborne wind 
energy. In this technology, turbines and generators are installed on a flying wing which 
is anchored to the ground station. Generated power is dispatched to the ground station 
through cable(s) integrated within the tether. Fig. 2.9 illustrates the Makani Power 
M600 Airborne Wind Turbine (AWT). The AWT is a rigid wing which carries eight 
propeller/turbines with each connected to motor/generator. During the launch, the 
electrical machines drive the propellers consuming power to bring the system from the 
ground station to the desired starting altitude. The propellers are then adjusted to act as 
turbines driving the generators, producing electricity. The tether is made of conductive 
aluminium wires and high strength carbon fibre core (Makani, 2018). In addition to 
power transmission, the tether provides communications between the AWT and the 
ground station. Installing an electrical power take-off machine on the wing increases the 
airborne system mass. For a 100kW AWT with eight turbines, the overall weight of 
power electronics converters and generators/motors on the airfoil would be 70 kg, and 
the tether weight is 320 kg. The optimal tether voltage for minimum mass is 8kV DC 
(Kolar et al. 2011). Makani Power has tested two 10 kW and 30kW prototypes and 
currently they are working on an M600 AWT device with 600kW rated power in an 
11.5 m/s wind speed. This system is capable of operation at altitudes between 140m and 
310m with a circling radius of 145m (Makani, 2018). The prototype uses eight turbines, 
and each one has five propeller blades. For the future, Makani is planning to introduce 
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their first commercial production system with six turbines and a rated power of 5MW 
(Makani, 2018; Vander Lind, 2013). 
 
Fig. 2.9 Makani Power M600 prototype (Makani, 2018) 
2.2.2 Lifting Balloon Turbine 
Altaeros Energies introduced a system called the BAT (Buoyant Airborne Turbine), a 
horizontal buoyant turbine which is capable of operating at 600m (Altaeros, 2018). Fig. 
2.10(a) shows the system. An airborne turbine is installed within a duct formed by a 
helium-filled balloon structure. A tether restrains the system to a ground station. The 
tether is also in charge of transmitting the generated power at high voltage. No 
published performance or testing data have been provided by the company (Altaeros, 
2018). 
2.2.3 Quad Copter AWE Turbine  
Sky WindPower is developing an innovative type of airborne wind energy devices. This 
system is an autonomous quad-copter, which consumes electrical energy to reach the 
appropriate altitude for power generation. When the device arrives at the desired 
altitude, it inflects itself to the wind at a specific pitch angle to allow the wind drive the 
rotors to generate electrical power and lift simultaneously.   
Their device, which is called the Wind Airborne Tethered Turbine System (WATTS), is 
reported to be nearly ready for customer testing, can generate 240 kW nominal 
electrical power at altitudes up to 2000 m with high wind speeds from 9 mph (4 m/s) to 
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greater than 65 mph (29 m/s) (Sky Wind Power, 2018). WATTS is designed to operate 
at off-grid sites such as military outposts, naval vessels, mining operations, oil drilling 
platforms, agricultural, scientific and research facilities. Also, WATTS will be capable 
of performing other roles such as “Eye in the Sky” security systems, remote antenna 
elevation, atmospheric sampling, weather monitoring. (Sky Wind Power, 2018; Roberts 
et al. 2007). Sky WindPower quad-copter is illustrated in Fig. 2.10b. 
 
                                 (a)                                                           (b) 
Fig. 2.10 Altaeros buoyant airborne turbine (a), Sky WindPower quad-copter AWE (b) 
(Cherubini et al. 2015) 
2.3 Airborne Wind Energy Systems under Research and Development 
in Companies and Universities 
2.3.1 Ampyx Power 
Ampyx Power is a Dutch company developing a pumping mode AWE system with a 
tethered rigid wing glider called PowerPlane. Fig. 2.11 demonstrates Ampyx Power 
AWE concept (Sieberling, 2013). This company developed a prototype in 2013. The 
proposed system is a 12 kW PowerPlane with a six degree of freedom rigid wing 
system. The electrical power take-off for this prototype is a single direct driven 
electrical machine with grid connection through a power converter (Ruiterkamp and 
Sieberling, 2013). Ampyx Power is planning to develop AP3 and AP4 prototypes with 
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rated power of 250 kW and 2 MW respectively. The company is currently optimising 
AP4 for commercial use at offshore and on-shore locations. The first commercial 
version of AP4 is planned to be located on old poles in the North Sea. The old poles in 
the North Sea are already constructed and cabled (Kruijff, 2017; Ampyx Power, 2018).         
 
Fig. 2.11 Ampyx PowerPlane (Ampyx Power, 2018) 
2.3.2 WindLift 
WindLift was founded in 2006. This American company developed an AWE prototype 
which utilised a 40 m
2
 inflatable kite as the prime mover. The kite is tethered to a 
ground station by three tethers. The primary tether rotates an electrical generator, and 
two other steering tethers provide ground-based steering actuation. The system is 
capable of producing 12kW peak electrical power from winds with speeds between 12 
and 40 mph. Fig. 2.12 shows the ground station of the WindLift prototype (Creighton, 
2012). As can be seen, the primary tether is wound onto a drum connected to a 
generator. During the power phase, the kite rotates the generator through the tension in 
the tether. During the recovery phase, the generator operates as a motor, winding the 
tether onto the drum. The WindLift current prototype uses a 90 cm diameter drum 
coupled with a 60 kW motor-generator built for a hybrid electric bus. In the future, 
WindLift plans to improve the wing characteristics to increase the power in the 
generation phase and decrease the consumption during the recovery phase (WindLift, 




Fig. 2.12 WindLift ground station (Creighton, 2012) 
2.3.3 EnerKite 
EnerKite was founded in 2010 in Germany. The core team behind EnerKite has been 
active in the area of the AWE related systems since 2002. In 2008, Aeroix and Festo 
tested a prototype called ‘CyberKite’. This prototype used an innovative hybrid kite 
designed with a bionic stingray shape and helium supported wings. The development of 
the control mechanism for this 24 m
2
 kite ended in 2010 after hundreds of hours testing 
(Bormann et al. 2013). After the establishment of EnerKite this company drew on its 
experiences from CyberKite to develop a new prototype called ‘EK30’. This AWE device 
is a 30kW prototype driven by a three-line ground actuated kite power system. The 
prototype has been developed as a mobile AWE system mounted on a vehicle and works 
off-grid using battery storage. It can operate at altitudes between 100 and 300m and uses 
a 30 m
2
 wing (Bormann et al. 2013; EnerKite, 2018). Fig. 2.13 demonstrates the EK30. 
EnerKite is planning to develop two new prototypes in 2017 and 2018. EK200 is designed 
to operate as a standalone system or as part of an isolated grid. The rated power of the 
EK200 is 100 kW. The wing area of this system is 30 m
2
, and it will be capable of 
operating in the wind speeds between 3 m/s and 20 m/s. EK1M is a large-scale 
commercial product which is available in the market since 2018. This system is a 500 kW 
AWE system which can be connected to a power grid. The EK1M employs a kite with 
125 m
2
 area, and is designed to operate in wind speeds between 3 m/s and 25 m/s. The 





Fig. 2.13 EnerKite (Bormann et al. 2013) 
2.3.4 SkySails 
SkySails was established in 2001 to develop airborne wind energy devices for ship 
propulsion augmentation. Between 2001 and 2006, they tested small-scale prototypes on 
various vessels. In 2013, SkySails developed a ship towing kite which was capable of 
displacing up to 2MW propulsion power (Fritz, 2013). This 320 m
2
 kite can allow a ship 
to reduce fuel oil consumption by up to 10 tons per day. The company extended its 
interests to electrical power generation. In 2011, SkySails developed a 55kW prototype 
for producing electrical energy. The prototype is a pumping mode airborne wind energy 
system, which uses a single motor/generator for electrical power take-off and kite 
recovery in a pumping mode cycle. SkySails plans to develop a 1 MW offshore airborne 
wind energy device, which would use a 400 m
2
 kite on a 1000 m tether. SkySails had 
plans to develop the first offshore AWE farm with over 7 MW per device (SkySails, 
2018; Fritz, 2013).                           
2.3.5 Academic Research 
In several universities, airborne wind energy is under investigation. TU Delft is one of the 
leading universities working on AWE systems. In 1999, they undertook their first AWE 
system analysis (Ockels, 2001). In 2013, a 20kW rated ground station and kite control 
system for a pumping mode AWE prototype was developed by researchers in TU Delft 
(Jehle and Schmehl, 2014). Developing novel control methods, ground station and kite 
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design are other issues that are under investigation at TU Delft (Lansdorp and Ockels, 
2007; Williams et al. 2008; Fechner et al. 2015).  
In Politecnico di Torino, a prototype called KiteGen has been simulated and tested. Two 
different topologies have been presented by researchers in Torino, yo-yo and carousel 
configuration (Canale et al. 2010). The yo-yo configuration is the same as a pumping 
mode AWE, while the proposed carousel configuration consists of several airfoils, each 
one connected to a kite steering unit (KSU) placed on a vehicle moving along a circular 
rail path. Each airfoil pulls one vehicle on the carousel while the vehicles maintain 
constant separation from each other on the rail. Electrical power is generated through 
motor/generators driven by the wheels of each rail vehicle (Canale et al. 2006, 2007). 
Neural network controllers for controlling airborne wind energy systems have been 
developed at the University of Sussex. The evolution of neural network controllers has 
been carried out by genetic algorithms. It has been shown that continuous time recurrent 
networks (CTRNN) are capable of being trained for flying AWE kites in an appropriate 
repetitive trajectory even when the length of the tether is changing (Furey, 2011; Furey 
and Harvey, 2007). A two-line kite control algorithm has been developed in KU Leuven. 
This controller is capable of controlling the lateral angle of the kite and feedback is used 
to stabilise the orbit of the kite. For monitoring of the motion of the kite, polar 
coordinates are used in four degrees of freedom (Diehl, 2001). Optimization of towing 
kites, developing a non-linear model of predictive control, new approaches for launch and 
recovery of glider AWE systems and trajectory optimisation of AWE devices are other 
projects carried out at KU Leuven (Geebelen et al. 2012; Houska and Diehl, 2006, 2010; 
Ilzhoefer et al. 2007). Also, in (Zanon et al. 2013) the use of two airfoils for airborne 
wind energy systems on a single central tether has been investigated. 
Currently, six universities consisting of TU Delft, KU Leuven, TU Munich, ETH Zurich 
and the University of Limerick and four industrial partners are collaborating in the 
AWESCO ITN, a Marie Skłodowska-Curie action under the Horizon 2020 framework 
program of the European Union (AWESCO, 2018), see also www.awesco.eu. This 
network is focusing on the development and optimisation of AWE technologies and 
methods and will ensure the continued development of AWE within the EU. The 
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AWESCO project funds 14 early stage researchers and also supports the research of this 
thesis. 
2.4 Power Transmission and Grid Interconnection Systems for 
offshore wind energy systems  
2.4.1 High Voltage Direct Current (HVDC) 
In the 20th century, with the introduction of the transformer, AC systems for power 
transmission have been preferred to DC systems. Transformers provided the capability 
of transmission at high voltages with significantly lower power losses, impossible with 
DC systems at that time. With advances in power electronic devices, DC started to be 
considered again as a solution for power transmission. Power electronic devices can 
now provide similar performance to AC transformers for DC, i.e. efficient power 
transmission at high voltages. AC power systems also present issues with reactive 
power which limits the capacity of the power line for the transmission of active power 
and increases transmission line power losses. Disadvantages related to reactive power 
can be worse in power transmission through underwater cables due to the higher 
capacitive characteristics of such marine cables versus overhead transmission systems. 
DC transmission system do not present with the issue of reactive power as the reactive 
power is the consequence of the capacitive and inductive specifications of the 
alternating current in AC systems which do not  exist in DC systems where 𝜛 is zero. In 
impedance terms, DC system limitations only relate to resistive power losses. With the 
absence of reactive power in DC system, the power system is more stable and allows 
the power to be dispatched over longer distances (Pinto, 2014). Further, DC systems do 
not suffer from skin and proximity effects (Pinto, 2014). Both of these effects in AC 
system cause the electrical current in the transmission conductors to flow through the 
outer layer of the conductors resulting in a higher cable diameter requirement. 
Transmission without skin and proximity effects in DC reduces the size of the cables 
required leading to lower conductor cost (Pinto, 2014). Despite all the advantages, 
HVDC systems also have drawbacks limiting their implementation for electrical power 
transmission. They rely heavily on expensive power electronic converters which are 
very sensitive to current fluctuations (Soens, 2005). Building a power converter station 
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for HVDC is more expensive than a standard substation for HVAC systems (Wang and 
Redfern, 2010). Also, the interconnection of HVDC systems with HVAC grid is another 
problem. HVDC systems generate harmonics affecting the power quality and stability 
of the HVAC grid (Luo et al. 2008). In order to reduce the harmonics, large filter banks 
are necessary, increasing the number of components at HVDC substations and the cost 
of HVDC compared to HVAC.           
Fig. 2.14 demonstrates the typical configuration of an HVDC transmission system. 
Generated power in AC is dispatched to the individual AC/DC power converters at a 
medium voltage range. DC power is transmitted at high DC voltage and before the grid 
interconnection, it is converted to AC power by the grid-side DC/AC power converter. 
Depending on the rated transmitted power, the grid-side power converter can be a stand-
alone converter or several parallel power converters. 
 
Fig. 2.14 HVDC transmission system 
 
2.4.1.1 Power Electronic Converters 
In the past, converting power from AC to DC was practical only for low voltages and 
electronic applications. Today, with the introduction of high power semiconductor 
switches such as the thyristor, GTO, IGBT and high power diodes, conversion of AC 
power to DC for high power systems is possible. Depending on the type of 
semiconductor switch utilised and switching technique employed, power electronic 
converters can be classified as voltage source converters (VSC) or current source 
converters (CSC) which are discussed in the following.   
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2.4.1.1.1 Current Source Converters (CSC) 
Current source converters are the first power electronic devices employed for AC to DC 
conversion in high power (Zhang and Li, 2018). On the DC side, the current flows 
through a large inductor leading to an almost constant current. On the AC side, the 
converter operates as a current source converter and dispatches the transmitted power at 
the AC frequency to the grid. CSCs present less power loss in comparison with the 
voltage source converters although by the introduction of the multi-level VSC the 
power loss gap between the technologies has decreased (Oluwafemi et al. 2016).   
Current source converters are mostly designed with thyristors or high power diodes and 
use the line commutation technique. Therefore, they are also called line-commuted 
converters (LCC). The line commutation method relies on AC voltage for switching. 
Once the gate signal triggers the thyristor, it is not possible to turn it off via the gate 
control system. The only way to turn the thyristor off is the alteration of the voltage 
polarity of the thyristor across its anode and cathode terminals. In an AC system, the 
polarity of the conducting switch naturally changes once in every period, and turns the 
thyristor off. Accordingly, the operation of the CSC is highly dependent on the 
synchronous AC power system. CSCs consume a significant amount of reactive power 
in the range of 0.4-0.6 p.u. for the rated active power of 1p.u (Gimenez and Aparicio, 
2013). As a result of this the use of a capacitor bank is inevitable for reactive power 
compensation. Also, CSCs inject a considerable amount of harmonic current to the grid 
side which must be filtered as far as possible before grid transmission. Accordingly, 
CSCs need a large substation for embedding the filter and capacitor banks. The need for 
a large substation has made them unpopular systems for offshore applications where the 
size of the offshore infrastructure elements is highly dominant in the cost of the system 
(Schoenmakers, 2008). Despite this, it is possible to decrease the amount of harmonic 
current and reactive power by improving the control strategies for the CSCs, resulting in 
a reduced filter and capacitor bank requirement (Carrasco, 2006). A typical 




Fig. 2.15 CSC-HVDC transmission system 
2.4.1.1.2  Voltage Source Converters (VSC) 
Voltage source power electronic converters operate based on isolated gate bipolar 
transistors (IGBT). IGBT transistors are fast and fully controllable semiconductor 
switches. They can be switched on and off by the gate control system, contrary to the 
thyristors which need AC voltage polarity alteration to turn off. As a result, the 
operation of VSCs is independent of the AC grid so that a VSC can support a black start 
capability. Black starting is not feasible for current source converters with thyristors 
(Hafner et al. 2008). In VSC based HVDC systems, the current can be reversed without 
the reversal of the voltage polarity, and therefore they are more desirable for HVDC 
system than the CSC, where to change the current direction the DC voltage polarity 
must be changed. Moreover, voltage source converters do not need the reactive power 
compensation since they can control the reactive and active power separately (Friedrich, 
2010). In comparison with the current source converters, VSCs introduce considerably 
lower harmonics to the power grid network; thus they require smaller filter banks (Wei 
et al. 2011). Not needing reactive power compensation and the use of smaller filter 
banks have made the VSC based HVDC systems the predominant choice for off-shore 
power transmission lines as the size of the required substation is approximately half the 
size required for equally rated current source converter HVDC systems (Wei et al. 
2011). The only disadvantage of VSC against CSC is the higher losses. The power loss 
of the voltage source converters is approximately 3% (Ferreira, 2017). However, by 
using modular multi-level voltage source converters, this can be reduced to 
approximately 1% (Ferreira, 2017). Fig. 2.16 illustrates a VSC- HVDC transmission 




Fig. 2.16 VSC-HVDC transmission system 
2.4.2  High Voltage AC (HVAC) 
Since the introduction of the power transformer, HVAC was the only approach for 
power transmission until recent decades. HVAC systems are still the most popular 
and usable transmission systems as they are cost-effective and well-established 
technology for electrical power transmission (de Alegrı´a et al. 2009). In the 
conventional HVAC approach for wind energy systems, the generator is not 
connected directly to the AC transmission line. An offshore HVAC transmission 
system is shown in Fig. 2.17. The generated power must be converted to AC power 
in compliance with the grid codes via back to back power converters. Back to back 
power electronic converters transform the generated AC power to DC and from DC 
to AC again, in compliance with the grid code. The output of the back to back 
converters are interconnected in the medium AC voltage range (30-36kV) and after 
increasing (transforming) the voltage to high AC voltage (60-400kV) the total 
generated power is dispatched to the grid through an HVAC transmission line.  
 
Fig. 2.17 Offshore HVAC transmission system 
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HVAC systems introduce reactive power due to the capacitive and inductive 
characteristics of an AC transmission line. Reactive power limits the capacity of the 
power line for active power transmission. The reactive power presents as more 
crucial in underwater HVAC systems as the capacitance of subsea power lines is 
significantly higher than typical for land based overhead transmission lines. For 
example, in an overhead HVAC power line, the capacitance is in the range of 9-14 
nF/km while it is between 200-300 nF/km in a cable (Golder Associates, 2018). The 
high capacitance of underwater HVAC systems limits their maximum length. Fig. 
2.18 shows the maximum active power capacity of submarine HVAC systems 
versus the transmission voltage and length. It can be observed that the capability of 
the power line for active power transmission significantly decreases with the length 
of the line. On the other hand, due to the economic and technical constraints, the 
installation of reactive power compensation devices along a submarine HVAC 
system is difficult and is typically only installed at the start or the endpoints of a 
submarine cable. Furthermore, installing compensators at two ends of a subsea cable 
is not effective enough for reducing the reactive power (Reed et al. 2013). 
Accordingly, the use of underwater AC transmission lines for long distances (>50 
km) is not efficient (Reed et al. 2013). 
 
Fig. 2.18 Transmitted power versus distance, for two transmission voltages and reactive 




2.4.3  Direct Interconnection Technique  
Conventional HVAC wind energy technologies typically deploy power electronic 
converters in each unit where the generated power is converted to DC and 
reconverted to gird compliant AC for supply to the distribution network (Pican, 
2011). Using individual power converters for each wind turbine unit increases the 
rate of failure and the cost of the systems, as according to Spinato et al. (2009) the 
converter has the third highest failure rate among wind turbine subassemblies. In 
offshore airborne wind energy devices, the failure rate and cost can be expected to 
be even greater because of the novelty of the airborne wind energy technology and 
also because of the high expenses of offshore repair and maintenance compared to 
terrestrial plant maintenance.  
The direct interconnection technique is a novel approach for the offshore HVAC 
systems to relocate power electronic converters from the offshore site to the shore 
substation and was first introduced in Pican et al. (2011) and is now patent granted 
under EP2647098. In this method, which is still in the research stage, power 
converters are removed from the individual power devices, and the generators are 
interconnected directly onto an offshore power bus using a synchronisation 
controller. A power transformer elevates the voltage of the power, and then it is 
dispatched to the on-shore substation via an underwater HVAC transmission line. In 
the on-shore substation, a back-to-back converter or several paralleled converters 
provide a grid-code compliant AC output from the interconnected offshore bus. This 
approach is analysed for conventional wind turbines in Pican et al. (2011) and also 
for pumping-mode AWE systems in Coleman et al. (2014) with satisfactory results.  
The direct interconnection technique for a marine energy farm is illustrated in Fig. 
2.19. Moving marine-based power electronic converters to the on-shore substation 
could potentially cause a significant improvement in the system reliability and 
downtime as the on-shore based power converters are accessible for maintenance in 
any weather condition or any time of the day regardless of offshore weather window 
limitations. Furthermore, the direct interconnection technique represents benefits for 
the economic feasibility of a marine energy system. Fig. 2.20 shows a typical 
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offshore substation for a 389 MW marine wind energy farm. Elimination of the 
power electronic converters and their associated filter banks from the offshore site 
would significantly reduce the size of the offshore wind farm infrastructure. As 
already mentioned, the size of the offshore wind turbine is a critical factor in overall 
cost of the offshore wind energy system. Also, availability of the power converters 
in an on-shore substation resolves the need for costly offshore operations for 
inspection, repair and maintenance of the power electronic converters. Despite the 
promising advantages of the direct interconnection technique, this technique is still 
at a research stage as it needs to be further investigated to address various technical 
concerns such as efficiency, controllability and safety.                    
 
Fig. 2.19 Direct interconnection technique for an offshore energy farm 
 
Fig. 2.20 Modern offshore wind farm substation during survey operations by Centre for 
Robotic and Intelligent Systems-CRIS (Photo by Joseph Coleman, CRIS)   
36 
 
2.4.4 Underwater Transmission Cables 
The unique environment of offshore energy sites demands unique technologies for the 
subsea transmission cables. The difficulty of offshore operations, lack of space, 
corrosion, need for stronger electrical insulation, higher cables proximity effect and 
safety are critical challenges that must be considered in dealing with marine cables. For 
these reasons, the subsea cables must be mechanically stronger and utilise higher spec 
electrical insulation compared to the on-land cables (Nakamura et al. 1992). The typical 
construction of a submarine cable is shown in Fig. 2.21.  The conductor is located in the 
centre, and it is covered with electrical insulation and mechanical reinforcement 
material in layers. The conductor can be solid or stranded with round or profiled cross 
section made of copper or aluminium. In the case of oil-filled cables, it would be made 
of hollow wires providing a channel for oil flow. The maximum voltage and cross-
section of the solid conductor cables are limited to 150 kV and 400 mm
2
 respectively 
(Karlsdóttir, 2013). The use of stranded cables provides for more mechanical flexibility 
although the stranded cables possess less conductivity compared to solid cables 
(Karlsdóttir, 2013). In oil-filled cables, oil flow can be used for heat reduction in 
addition to insulation. In this regard, the oil feeding system must be equipped with an 
oil cooling system. It increases the system power capacity by reducing the line ohmic 
power losses. For instance, the maximum power capacity of a 400kV HVAC system 
with natural cooling cables is 500 MVA while for an oil-cooled transmission system 
with the same transmission voltage it is 1500 MVA (Erb et al. 1975). 
 
Fig. 2.21 Basic construction of a subsea cable (Karlsdóttir, 2013) 
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For marine cables, insulation is highly critical. It needs to be a robust dielectric with 
proper mechanical and thermal resistance. Polymers are the most popular insulation 
materials for subsea cables. Polymer insulations are thermoplastic materials which due 
to simplicity in design, lower dielectric losses and no risk of leakage and fire, have 
usually been favoured over paper and oil insulations (Karlsdóttir, 2013). Polymer 
insulated cables are classified into four categories of low-density polyethene (LDPE), 
high-density polyethene (HDPE), cross-linked polyethene (XLPE) and ethylene 
propylene rubber (EPR). XLPE cables are the best choice for underwater HVAC 
systems with voltage stability of up to 420kV and the maximum power capacity of 
500MW (ABB 2010). Nevertheless, XLPE cables are not suitable for HVDC systems 
because of the space charges in the insulation which results in uneven thermo-electrical 
stress distribution along the cable insulation. Extruded XLPE cables provide an even 
insulation distribution along the cable to resolve the XLPE drawbacks for HVDC 
systems. Currently, extruded XPLE cables are available for HVDC systems with 
maximum transmission power of 500 MW and transmission voltages up to 320kV 
(Karlsdóttir, 2013). For higher transmission powers and voltages which are beyond the 
capability of polymer cables, fluid-filled cables (FF) and mass-impregnated cables (MI) 
are required. FF cables are oil impregnated paper insulated cables which use an onshore 
oil feeding unit to keep the necessary oil pressure for the insulation. MI cables use paper 
insulation which is impregnated with a low viscosity polybutene compound. They do 
not need an onshore oil feeding unit, and they are available for voltages up to 500 kV 
and a maximum transmission power of 800 MW (Karlsdóttir, 2013).                          
2.4.4.1 Marine HVDC Cabling Configurations 
Due to the absence of the reactive power and skin effect in DC systems, DC cables offer 
lower resistance and consequently, lower power losses. This makes HVDC systems 
more desirable for long distance submarine transmission lines (Karlsdóttir, 2013). In a 
HVDC system, the transmission line can be constructed in a monopolar or bipolar 
configurations. In the monopolar configuration which is demonstrated in Fig. 2.22, the 
return terminal of each converter is connected to the ground whereas other terminals are 
connected to each other through a single core subsea cable (Siemens, 2011). In this 
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method, ground or water is used as the return path for HVDC system and can be very 
cost-effective for long distance transmissions lines due to the lower length of submarine 
cables required (Siemens, 2011). Mono-polar systems generate a significant magnetic 
field and can affect navigation and telecommunication systems hence in many countries 
the use of monopolar systems is forbidden (Schoenmakers, 2008).  
Bipolar HVDC systems use two HVDC cables to carry DC currents in opposite 
directions. Two adjacent wires provide asymmetric magnetic fields which 
approximately cancel each other. In this cabling approach, almost double the amount of 
cable is needed resulting in more cost for the transmission system. However, because of 
the lower magnetic field generated, they are more attractive for marine HVDC systems 
(Siemens, 2011). The bipolar double cabling configuration with a single converter on 
each side is shown in Fig. 2.23. In some bipolar HVDC cabling configurations, in 
addition to the return cable, earth return electrodes can also be used. During normal 
operation, the return cable is used for power transmission. In case of any fault in the 
transmission line, half of the rated power can continue to flow by using the earth return 
electrodes. Moreover, under normal operation, use of the earth return electrodes can 
double the power capacity of the transmission line (Siemens, 2011). Fig. 2.24 illustrates 
the typical configuration of the bipolar HVDC system. 
 
Fig. 2.22 Mono-polar HVDC configuration 
 




Fig. 2.24 Bipolar HVDC configuration with ground electrodes 
2.4.4.2  Subsea HVAC Cabling Configuration 
For power transmission by submarine HVAC, three core cables or three individual 
single core cables can be employed. Use of single core cables is more general for 
HVAC systems due to lower cost as a result of smaller cross-section and reduced 
copper. However, in order the keep the system balance in three single-core cabling 
system, the cables need to be laid symmetrical, and they have to be transposed at some 
points, commonly at every 50 km (Johansson et al. 2005). Symmetrical cabling and 
transposition introduce technical difficulties. Transposition is a significant challenge for 
offshore HVAC systems, and it can increase the cables installation cost (Johansson et 
al. 2005). 
2.5  Wind Energy Generators 
2.5.1 Induction Generators 
Induction generators can be classified as squirrel cage induction generator (SCIG) and 
doubly-fed induction generator (DFIG). SCIG generators are well known for their 
simple construction and low price so that for a long time till relatively recently they 
have been widely used for wind energy generation (Goudarzi and Zhu, 2013). The 
SCIG’s stator is equipped with a simple three-phase winding, and longitudinal 
conductive bars placed inside grooves in the rotor core end at conductive rings at both 
ends forming the conductive ‘squirrel cage’ rotor. SCIG generators are self-excited 
machines, and they require reactive power for electrical generation. To provide the 
required reactive power, they must be installed with capacitors as shown in Fig. 2.25. 
For the grid-connected SCIGs, to supply the required power for the capacitor bank, the 
generator is connected to the grid through power electronic devices (Szabo et al. 2007). 
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For a generator which is not connected to the grid or any power supply, having an 
adequate amount of residual magnetic field in the magnetic core of the generator is 
necessary for the self-excitation process (Szabo et al. 2007). The main drawback of the 
SCIG is the need for the capacitor bank. Notably, for offshore wind energy systems, it 
can increase the cost of the system due to the need for a larger space for the installation 
of the capacitor banks in individual wind turbine units and the offshore substation of the 
wind energy farm. Moreover, the ability to control voltage and frequency in SCIGs is 
highly limited, hence they provide a weak contribution to voltage and frequency 
stability (Szabo et al. 2007). However, in new inverter-fed squirrel cage induction 
generators this drawback is improved (Szabo et al. 2007). A DFIG uses a wound rotor 
instead of a squirrel cage rotor. The terminals of the rotor windings are connected to an 
external power supply and control system allowing control of speed, active power and 
reactive power by regulating the rotor current. Less noise, better voltage and frequency 
stability (than SCIGs) and sufficient variable speed range are the main advantages of 
the doubly-fed induction generators for wind energy systems (Goudarzi and Zhu, 2013). 
A DFIG wind energy system is outlined in Fig. 2.26. A four-quadrant AC-to-AC power 
electronic converter is utilised to supply and control the required current for the rotor 
windings from the generator’s output terminals. Despite the advantages represented by 
DFIGs for wind energy, they are still dependent on the grid for operation (Li and Chen, 
2008). Also, the brushes and multi-stage gearbox in DFIGs are significant sources of 
failure, and they need regular repair and maintenance (Polinder et al. 2006).   
 




Fig. 2.26 DFIG-wind turbine (Muller et al. 2002)  
2.5.2  Electrically Excited Synchronous Generator (EESG) 
According to Aleksashkin and Mikkola (2008), from 1991 till recent years, the EESG 
was the most popular type of generator for wind energy systems. An EESG consists of a 
stator with three-phase windings and a rotor which is equipped with a DC excitation 
system. Multi-pole EESGs are capable of operation at very low speeds and high torques 
and can be connected directly to the rotor blade’s hub without a gearbox (Goudarzi and 
Zhu, 2013). Wind energy systems which use multi-pole EESGs without a gearbox are 
known as direct-drive (DD) wind energy systems. Elimination of the gearbox in DD 
wind energy units has led to a significant cost reduction for installation and repair and 
maintenance, particularly for offshore wind energy generators. Compared to induction 
generators, the large number of poles in multi-pole generators results in a higher rotor 
weight with a greater diameter. However, the manufacturing cost and generated noise 
have been decreased (Goudarzi and Zhu, 2013). The EESGs need DC power for 
excitation of the rotor windings and this DC power must be supplied from a separate 
source of power. In electrically excited generators, frequency, voltage, active power and 
reactive power of the generator are fully controllable by regulating the rotor current 
through a DC/DC power electronic converter. The current can be transferred to the rotor 
by use of brush and slip ring or rotating rectifiers without brushes. The need for the DC 
power supply, expensive power electronic converters and a cooling system can be stated 
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as drawbacks of the electrically excited synchronous generators (Goudarzi and Zhu, 
2013). Also, the massive size and weight of these generators have made them difficult 
for transportation and installation. Fig. 2.27 shows a direct driven wind energy unit with 
an electrically excited synchronous generator. 
 
Fig. 2.27 EESG-wind turbine (Staines et al. 2015)  
2.5.3 Permanent Magnet Synchronous Generators (PMSG) 
Advances in permanent magnet materials and their cost reduction over recent years 
have made PMSGs cost-effective and applicable for wind energy generation. Stator 
construction is similar to an EESG with three-phase windings in a star configuration. 
The rotor is equipped with permanent magnets (PM) to provide the magnetic field for 
the excitation system. Depending on the rotor construction and magnetisation direction 
of the PMs, PMSGs can be categorised into radial, axial and transverse flux machines. 
Radial flux machines are the most popular generators for direct drive wind energy 
systems. Axial flux generators are only available for small generation units. Transverse 
flux machine (TFM) is a novel topology of PMSGs with a magnetic flux perpendicular 
to the direction of rotation (Khan, 2016). Compared to other types of PMSGs, TFMs 
represent higher torque density resulting in smaller machine size for wind power 
generation (Barranco et al. 2016). Transverse flux machines are still in the research 
stage, and they are not yet available in the market (Goudarzi and Zhu, 2013). More 
details regarding the flux arrangements for PMSGs can be found in Badrzadeh (2011). 
PMSGs present many advantages compared to other generators for wind energy 
systems. Contrary to the EESGs, PMSGs do not need an external power source for the 
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rotor magnetic field as this is provided by the permanent magnets. This benefit 
eliminates brushes, slip rings, rotating diodes and expensive DC-to-DC power 
electronic converters resulting in less cost and more reliability. PMSGs have smaller 
rotor diameter and lower weight than EESGs which makes them more appropriate for 
transportation and installation (Goudarzi and Zhu, 2013). Also, PMSGs exhibit better 
thermal characteristics and lower mass per kilowatt generated power (Goudarzi and 
Zhu, 2013). As for drawbacks, the demagnetisation problem of the PMs at high 
temperatures and the high expenses of manufacturing and assembling of the magnets 
can be mentioned. Fig. 2.28 shows the configuration of a direct drive PMSG-wind 
energy system. PMSG is a highly promising technology for the future of wind energy 
systems. Although the PMSG is usually desirable for gearless direct-drive wind energy 
systems, some wind energy manufacturers like Multibird and WinWind offer 
technologies which use PMSG  along with a single-stage, lower reduction gearbox. This 
enables a more straightforward gearbox design compared to the conventional high ratio 
gearboxes for wind energy (Goudarzi and Zhu, 2013). 
 
Fig. 2.28 PMSG-wind turbine (Staines et al. 2015)  
Table 2.1 compares the utilised generator technologies by the 10 biggest wind energy 
manufacturers. It shows, most companies are using or starting to use PMSG in their 
products. The predominant technology in Vestas is DFIG although, in some of their 
products like Grid Streamer turbine models, 2MW and 3MW PMSGs have been utilised 
(Vestas, 2018). Siemens Gamesa is the second biggest manufacturer which is formed by 
the merger of two formerly big wind energy manufacturers, Siemens and Gamesa in 
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April 2017 (Siemens Gamesa, 2018a). Siemens Gamesa is a leading company in the 
production of PMSG direct-drive wind energy systems and so the PMSG is the primary 
generator technology used by them. However, they use DFIG technology in some 
products such as G80-2.0 MW and G87-2.0 (Siemens Gamesa, 2018b). The G128 and 
G132 are the latest products from this company with 5 MW PMSGs (Siemens Gamesa, 
2018c). General Electric (GE) products mostly come with DFIG technology. 
Nevertheless, this company is beginning to use PMSGs in their products. The 
Haliade150-6 MW is an offshore wind energy system made by GE, with a rated power 
of 6 MW which uses a PMSG for energy production (GE Renewable Energy, 2015). 
Goldwind is the fourth wind energy manufacturer. This company which was previously 
known for the use of DFIG has now become one of the world leading companies for the 
use of PMSG technology so that all their new products are direct-drive systems with 
PMSGs (Goldwind, 2018). ENERCON is a pioneer in the production of direct-drive 
wind energy systems with EESG technology. Their EESG generator, which they call an 
annular generator, uses an external excitation system (Enercon, 2018). Nordex Group 
offers DFIG technology in most of their products although since 2011, they employ 
PMSG technology in their 6 MW direct-drive offshore wind energy system (Nordex 
Group, 2018a, 2018b). Senvion uses a wide variety of generator technologies in its 
products. The company offers four product series of 6.XM, 3.XM, 2.XM and MM with 
the power range of 2-6.3 MW. The 6.XM models offer SCIG, DFIG and EESG 
technologies. However, their 3.XM products have been offered with just SCIGs and 
DFIGs. 2.XM models are all equipped with EESGs while MM series utilise DFIGs 
(Senvion, 2018). United Power is the 8th wind energy manufacturer. They offer DFIG 
and PMSG technologies in their products with a rated power of 1.5 to 6 MW (United 
Power, 2018).  The DFIG is the favoured generator by Envision Energy although, some 
products like E128 with a rated power of 3.6 MW, employ PMSG for offshore 
applications (Envision Energy, 2018). Finally, Suzlon’s common technology is the 
DFIG, however, they have offered PMSGs along with two stage gearboxes in some 




Table 2.1 Generator technologies of ten top wind energy manufacturers 
Ranking Manufacturer SCIG DFIG EESG PMSG 
1 Vestas  XX  X 
2 Siemens Gamesa  X  XX 
3 GE  XX  X 
4 Goldwind    XX 
5 ENERCON   XX  
6 Nordex Group  XX  X 
7 Senvion XX XX XX  
8 United Power  XX  XX 
9 Envision Energy  XX  X 
10 Suzlon  XX  X 
  XX= dominant technology, X= non-dominant technology 
2.5.4 Generator Technologies in Airborne Wind Energy Systems 
The gearless direct-drive power-take-off system is the most popular technology for 
airborne wind energy systems. Given that the direct-drive systems operate at low 
speeds, DFIG and SCIG cannot be used as they need a gearbox for speed and torque 
adjustment (Ramkumar, 2014). Hence, synchronous generators (EESG and PMSG) are 
the best choices for the direct-drive AWE systems. As mentioned above, AWE systems 
are not always operating in generation mode. For instance, a pumping mode AWE 
system needs a motor for tether reel-in during the recovery phase of the operation, or a 
wing-mounted generator AWE system requires a thruster motor at some phases of 
operation. These AWE systems usually use the same electrical machine to operate as 
generator and motor (see section 2.1 and 2.2). The use of EESG is not technically 
applicable for the generator/motor purposes. Electrically excited synchronous machines 
have a small starting torque in motor applications so that they need assistant start-up 
systems (Vasudevan et al. 2018). Consequently, the permanent magnet synchronous 
machine is the best option for the direct-drive AWE systems due to the ability of 
operation in both motor and generator modes. EESG systems can be used in non-
reversing AWE systems as a generator, although the PMSG is more popular in this type 
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of AWE systems likewise (see section 2.1.3). This popularity is due to not needing 
external power supply, brushes and DC-DC power electronic converters for a field 
excitation system in PMSGs. Induction machines have been utilised in some AWE 
systems. In (Fechner and Schmehl, 2013) a squirrel-cage induction machine is 
employed in a pumping mode AWE system. The machine operates as a generator in the 
power phase and a motor during the recovery phase. The generator/motor is coupled 
with a gearbox and a tether drum through a belt drive system. The represented 
efficiency by SCIG in this application is 54% (Fechner and Schmehl, 2013). Also, in 
(Van der Vlugt et al. 2013) a 20 kW induction generator/motor is used for a pumping 
mode AWE system.    
2.5.5 Synchronisation of Generators with Power Grid 
2.5.5.1 Indirect Synchronization 
Indirect synchronisation is the most practical approach for the synchronisation of 
renewable energy generators including wind energy. In this method, the generator is not 
interconnected directly to the power grid, rather a power electronic converter decouples 
the machine from the grid and provides synchronisation to the grid. The power 
converter converts the generated AC or DC power to an AC power which is compliant 
with the grid operator codes. A quick and accurate synchronisation process is highly 
critical. The incorrect synchronisation of a machine can be significantly destructive for 
the generator and grid since it may cause severe mechanical and electrical transient 
torques. Three conditions must be checked to find the best moment for the 
synchronisation of a generator with power grid; equal frequencies, equal line voltage 
amplitudes and equal phase angles. Also, phase sequences and waveforms must be 
similar. For indirect synchronisation, the phase-locked loop (PLL) is the most popular 
technique for synchronisation to the grid or other generators. This method along with 
the high flexibility of the power electronic converters for controlling the voltage, 
frequency and phase angle can lead to a reliable and fast synchronisation (Svensson, 
2001). Fig. 2.29 demonstrates the PLL technique. A PLL system comprises three stages, 
phase detector (PD), the loop filter (LF) and voltage controlled oscillator (VCO). The 
PLL synchronises its output signal (Vo) with an input reference signal (Vi). The PD 
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compares the output and reference signals to find the phase difference between them. 
The phase difference then is filtered by the loop filter. The LF generates the reference 
signal for the VCO to generate a signal with a new phase angle. This process continues 
until the generated phase angle by the PLL is equal to the phase angle of the reference 
signal. Once this happens, the output signal of the PLL is locked (Jaalam et al. 2016). 
For indirect interconnection of a generator through a power electronic converter, the 
reference signal is the grid voltage signal, and power converter performs as a VCO. 
Depending on the power converter and grid conditions, different PLL systems such as 
synchronous reference frame PLL (SRF-PLL), fixed-reference frame PLL (FRF-PLL), 
enhanced PLL (EPLL), and variable sampling period filter PLL (VSPF-PLL) have been 
developed (Jaalam et al. 2016). 
 
Fig. 2.29 Basic PLL block diagram  
2.5.5.2 Direct Synchronisation  
The direct synchronisation of a generator to the power grid is widely used for 
conventional electrical power plants such as steam and gas generators. Also, some 
renewable energy generators like hydropower plants employ direct synchronisation. The 
direct synchronisation technique interconnects a generator to the grid without any 
intermediate power converter device. This method is mostly applied for synchronous 
generators although it can be used for induction generators as well. The synchroscope is 
a tool for providing direct synchronisation. This device measures and compares the 
frequencies, voltages and phase angles of the power line and the generator. The 
synchronisation process can be automatic or manual. In an automatic process, the 
synchroscope accelerates or decelerates the prime mover of the generator along with the 
control of the generator excitation system to achieve the best synchronisation moment. 
For example, in a steam turbine, the automatic synchroscope drives the generator by 
controlling the steam governor valve and the rotor's direct current. Once the generator 
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and the grid meet the synchronisation criteria (i.e. equal frequencies, equal voltages and 
equal phase angles), the automatic synchroscope generates the breakers operation 
command signal for the grid integration. Due to the delay of mechanical actuators in 
response to the command signal, it is possible to set a timer to send the command signal 
in advance of the synchronisation moment. For instance, for a breaker with five cycles 
delay, the advance angle must be set to 1.5 degrees (Thompson, 2012). It means that the 
automatic synchronisation device sends the operation command signal 1.5 degrees 
before the generator and the power grid are in the same phase. This leads to 
synchronisation at the exact moment and avoids the harmful transient mechanical and 
electrical torques.  
In manual synchronisation mode, an operator controls the excitation system and 
generator’s prime mover to match the generator voltage and frequency with the grid. 
Fig. 2.30 illustrates one of the simplest and most employed manual synchroscopes. The 
device consists of two series indicator lamps connected across the generator terminals 
and the grid. When the phase angle difference between voltages is 180 degree, the 
lamps are on continuously. By decreasing the difference between the phase angles, the 
voltage across the lamps drops, and they get dimmer and dimmer. At the zero phase 
difference, the voltage difference across the lamps is zero and they go out. The operator 
must consider the delay between the command signal and the operation of the 
mechanical breakers, and therefore has to operate the breakers in the dimmest mode of 
the lamps to reach a smooth synchronisation. In modern manual synchroscope systems, 
a new display panel is employed to improve the system visualisation. This panel 
demonstrates if the generator is running faster or slower than the grid. When the phase 
angle difference is zero, it shows 12 o’clock. Fig. 2.31 shows this type of display for 
manual synchroscopes. Manual synchronisation does not provide the accuracy and 
reliability of the automatic synchronisation although due to simplicity and low cost, the 
manual system is attractive for small power plants (Thompson, 2012).  
After synchronisation, the generator rotates with the same electrical frequency as the 
grid, and any change in the input mechanical power of the generator affects the amount 
of the power injected to the gird without influencing the generator speed, frequency and 
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voltage. The pole-slip fault is a concern for a synchronised generator as it may lead to 
losing the synchronisation with the grid. In this condition, the generator has reached the 
maximum magnetic field and electrical power ability to stay synchronised with the grid. 
As the load increases, the generator’s load angle increases to dispatch more power to 
the grid. If the load angle of the machine exceeds the maximum value, the generator 
enters into an unstable operation, and it may go completely out of phase (Berdy, 1976). 
This condition causes destructive transient mechanical torques and high currents 
damaging the generator and turbine (Berdy, 1976). To prevent this condition a 
protection system is necessary to monitor the load angle of the generator, and if it is 
going to exceed the maximum value, the generator must be disconnected from the bus 
as fast as possible (Burek et al. 2012; Sumina et al. 2012). 
 
 





Fig. 2.31 Manual synchroscope display (Thompson, 2012) 
2.6 Discussion and Conclusion 
Different AWE technologies have been reviewed, including the mechanical prime 
mover technologies, wings employed, generation aloft or generation on the ground and 
power systems integration from AWE systems to distribution or grid. Some 
technologies employ soft wings while some others use rigid wings to harness wind 
energy. Rigid wings represent more efficiency and more controllability while soft wings 
can be more cost-effective as the prime mover of AWE systems. Currently, researchers 
are developing new kite models and construction methods to improve the efficiency of 
AWE systems with soft wings (Ahrens et al. 2013b). The pumping-mode ground-station 
is a popular electrical power take-off method in many AWE projects. In some cases 
such as Makani AWT and Sky WindPower WATTS, the generators are mounted on the 
wing. In these cases, the high voltage of the tethers and the increased weight and 
mechanical strength of the cables are fundamental challenges, especially for large-scale 
devices. Various companies and universities are developing AWE systems with many 
promising commercial products expected by 2020. Despite the widespread 
developments of airborne wind energy systems, this technology is still very young, and 
much work remains to move towards commercial devices. 
Dispatching the generated power to the power grid is a highly influential factor in the 
total cost of the produced power by AWE generators. In the case of offshore AWE 
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systems, transmission is more critical because of the costly underwater power 
transmission systems and the high expenses of offshore operations. Different HVDC 
and HVAC systems for power transmission have been discussed. Lower power losses 
and the absence of reactive power in HVDC systems have led to higher efficiency than 
HVAC for underwater power transmission. The significant rate of failure for offshore-
based power electronic converters can affect the economy and reliability of the 
transmission system for marine renewable energy. Direct interconnection may be an 
appropriate solution for this problem by reducing the number of offshore-based power 
electronic converters. Different technologies for subsea cables have been investigated. 
Due to the harsh environment and the weaker dielectric characteristics of the sea water 
compared to the air, electrical insulation and mechanical protection are crucial factors in 
dealing with underwater cables. Insulation methods such as polymer, oil and paper have 
been studied. Considering the reduced cost and lower risk of fire and oil leakage, XLPE 
cables and extruded XPLE systems are the most suitable cables for marine HVAC and 
HVDC systems respectively. Moreover, cabling configurations for HVDC and HVAC 
systems have been reviewed and discussed.                   
Generator technologies for wind energy systems including SCIG, DFIG, EESG and 
PMSG have been investigated. SCIG is the earliest wind energy generator which was 
widely used in the past. However, due to the need for capacitor banks for reactive 
power compensation and low voltage and frequency stability, SCIGs have lost their 
position in wind energy markets. DFIGs offer more controllability and stability since a 
power converter can regulate the rotor excitation current. Power converters and brushes 
in DFIGs represent notable sources of repair and maintenance requirements. EESGs are 
capable of operation at low speeds as they use multiple magnetic poles. High pole count 
machines enable direct-drive configurations in wind energy systems. Direct-drive 
systems operate without a gearbox by direct mechanical connection of the generator 
shaft to the turbine blades hub. Elimination of the gearbox leads to a meaningful 
improvement in the economy, reliability and efficiency of the wind energy systems. The 
final generator technology reviewed above in this chapter used in the wind energy 
industry is PMSG technology. The self-excitation capability of PMSGs eliminates the 
need for power converters and brushes for controlling rotor current. Moreover, due to 
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the smaller size and lower weight than EESGs, they are more attractive for direct-drive 
systems. The application of SCIGs in wind energy is coming to an end so that among 
ten top wind energy manufacturers, just one of them (Senvion) is still offering this 
technology to the wind energy market. These days, DFIG is the most employed 
generator technology by the major wind energy companies although the use of PMSGs 
is rapidly increasing such that PMSG can be anticipated as the dominant generator 
technology for wind energy in the future. Thus far, the PMSG is the most popular 
technology for airborne wind energy. A majority of the AWE systems employ 
permanent magnet machines as a generator or a motor/generator system for electrical 
power production. Different methods for grid synchronisation of a generator have been 
addressed. Due to the lesser controllability of the prime movers in renewable energy 
systems including wind energy, indirect power grid synchronisation through a power 
converter system is more applicable.  
The primary target of this research work is the ground station optimisation for offshore 
airborne wind energy systems. Guided by the literature review, the research of this 
thesis focuses on the development of the direct interconnection technique for AWE 
devices with a HVAC power transmission system with a guiding focus on development 
of robust systems with elimination of significant points of complexity and system 
failure. The elimination (relocation to landfall) of the offshore-based power electronic 
converters within the direct interconnection technique can potentially optimise the 
economy and reliability of the offshore AWE generators. Non-reversing pumping mode 
AWE with a PMSG without a gearbox on the prime mover side and a fractional size 
recovery motor is the studied type of AWE system in this research. This kind of AWE 
system offers better dynamics for the direct interconnection approach since there is no 
need to reverse the generator during the recovery phase. The main challenges for the 
implementation of the direct interconnection technique for non-reversing pumping 
mode AWE systems are as follows: 
- Highly oscillating or variable mechanical torque from the wing needs a robust and 
rapid automatic synchronisation system to perform the synchronisation process for the 
direct interconnection of the generators.  
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- Directly interconnected generators operate with the same electrical frequency and 
speed so that any variation in the operation of one generator can immediately affect the 
performance of all the other generators. Therefore, the interaction of the synchronised 
AWE generators requires a comprehensive study under normal and fault conditions. 
- A power quality evaluation and optimisation is necessary to examine the efficiency of 
this technique for offshore AWE systems.   
- The research requires investigation of the control of the directly interconnected AWE 
generators. Implementation of the direct interconnection technique needs robust 
automatic controllers to maintain the efficiency and stability of the system. 
The next chapters of this thesis investigate the above challenges in detail. The study 
employs a laboratory hardware setup on small scale machines and computer simulation 
models of larger 150 kW generators to examine the practicality and reliability of 





































Chapter 3 Laboratory Rig Studies  
 
3.1 Introduction 
This chapter focuses on the practical experimental study of the direct interconnection 
technique (DIT) for AWE systems. The need for a scaled-down model of airborne wind 
energy systems for laboratory experimentations has led to the design and construction 
of a laboratory hardware setup. The hardware setup can emulate pumping mode AWE 
systems for the research in AWE applications related to the ground station. It consists of 
three multi-pole permanent magnet synchronous generators (PMSG) coupled with 
three-phase induction motors (IM) as prime movers to simulate what the author posits is 
the minimum number of AWE systems necessary if continuous output power is desired. 
The prime movers simulate the AWE system drum shaft torque profiles coupled to 
generators resulting from the wing and tether manoeuvres. Variable frequency drives 
(VFD) control the induction motors as flexible torque and speed prime movers. These 
drives are capable of controlling the motors with different speeds and torques that are 
necessary for the wing manoeuvre modelling. The test rig also utilises a National 
Instrument CompactRIO. CompactRIO is an industrial controller which is composed of 
a Field Programmable Gate Array (FPGA) module, a real-time controller and 
reconfigurable IO modules (RIO). The CompactRIO along with sensors and relays 
works as the control and data acquisition system. An Ethernet system provides a link 
between the CompactRIO and a PC where LabVIEW code performs as the user 
interface system for controlling the test rig and for data monitoring. As mentioned in 
chapter two, the direct interconnection technique removes power electronic converters 
from the offshore substation and directly interconnects generators to the main bus of the 
farm. Considering the high rate of failure for power electronic converters (Spinato et al. 
2009; Zhao et al. 2017) and the high expense of offshore operations, this technique can 
give a significant improvement in the economy and reliability of marine renewable 
generator systems. The focus of this research is non-reversing pumping mode AWE 
systems. The operation of such systems has two phases, a reel-out power phase and a 
reel-in tether/kite recovery phase. The combined cycle is called a pumping mode cycle. 
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During the power phase, the tether and the tether drum deliver mechanical power to the 
generator through an overrunning clutch. Once the kite arrives at the highest altitude, a 
controller switches the system operation to the recovery phase. Over this phase, an 
overrunning clutch bypasses the generator from the tether drum allowing a fractional 
size electrical motor to rewind the tether on the tether drum until the tether is back to 
the initial length. For a thorough description of non-reversing pumping mode AWE 
systems see Coleman (2014) and Coleman et al. (2013).  
This chapter starts with a description of the design and construction processes of the 
laboratory rig for emulating the non-reversing pumping mode airborne wind energy 
systems. Different parts of the test rig including electrical and mechanical systems, 
control system, measurement and data acquisition systems, software and data validation 
are outlined. Moreover, this chapter reports the development and testing results of a 
direct interconnection system for airborne wind energy systems on this rig. 
Rudimentary tests are carried out first and with the identified weaknesses identified 
with the results of these, various controllers to improve the performance of the rig (and 
hence the operation of an AWE farm) are designed, added and investigated for their 
effects on the farm power output. Regarding the practical test results, the performance 
of the directly interconnected AWE systems is discussed and evaluated. Finally, the 
content of this chapter is concluded, and suggestions for further researches are 
presented.     
3.2 Design and Construction 
3.2.1  Mechanical and Electrical Construction 
Figure 3.1 shows the lab space design for the hardware setup. Three coupled generator-
motor units have been installed on wooden shelves with extra mechanical support for 
noise and vibration reduction. Also, transparent 10mm polycarbonate plastic sheets  
cover the motor-generator units to provide operator safety. Electrical systems including 
variable frequency drives (VFDs), sensors, breakers, relays and loads have been located 
in four electrical enclosures. Figure 3.2 illustrates the schematic and electrical circuit 
diagram of the hardware setup. Enclosure 1 accommodates the VFDs and their 
associated relays and breakers. The main breaker of the system (B8) has been placed in 
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this enclosure. Moreover, enclosure 1 provides space for the PC and Ethernet switch. 
Enclosure 2 houses current sensors, Compact RIO, busbar and associated relays and 
breakers. Dump loads are located in Enclosure 3. The Dump loads are resistive loads 
that provide load to the generators before interconnection. After interconnection with 
the Busbar, the control system bypasses the dump loads from the generator terminals 
while the generators are connected to the main load. The implemented design provides 
dump loads just for G1 and G2. G3 utilises the main load as a dump load. The main 
load has been located in enclosure 4. Table 3.1 briefly presents the specifications of the 
system. Detailed information is provided in appendix A.  
 
Fig. 3.1 Lab space design 
G3 has been considered as the reference generator for the DIT tests. This means the DIT 
controllers consider the voltage and frequency of G3 as the reference values for the 
synchronisation process. At the start of any trial, G3 is connected to the main load via a 
variable power transformer. Other generators start to operate with dump loads, and 
automatic frequency controllers (AFC) try to regulate the input mechanical torque of the 
generators to meet the synchronisation criteria with the main bus. Once a generator 
reaches the synchronisation moment, an automatic synchronisation controller (ASC) 
interconnects the corresponding generation unit with the main bus. As the operation of 
the pumping mode AWE systems is not continuous a time delay between the operation 
of individual AWE generators has been implemented to achieve continuous power. The 
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VFDs used on the experimental rig are single-phase to three-phase drives. They can 
control prime mover motors with different speeds and torques. The utilised VFDs in this 
research work are 7.5 kW Mitsubishi inverters (Mitsubishi Electric, 2018). They are 
capable of either V/f constant (voltage/frequency constant) or vector control methods 
for the control of induction motors. In V/f constant method, the VFD regulates motor 
speed by changing the feeding frequency and voltage of the motor. By changing the 
frequency, a motor may face a severe torque drop. The V/f constant technique tries to 
maintain a constant torque and air gap magnetic flux by changing the voltage inversely 
proportional to the frequency to avoid torque drop (Bose, 1980). Vector control is a 
speed control method allowing a variable torque and flux for controlling the motor 
velocity. This method calculates the required torque and flux for the reference speed 
and then specifies the appropriate stator voltage vector to reach the calculated torque 
and flux. According to the assigned voltage vector, a PWM system generates the proper 
switching signal (Texas Instruments, 1998). The vector control approach needs the rated 
specifications of the motor such as voltage, stator resistance and motor power capacity 
for the flux and torque calculations. Since the V/f constant method performs with 
constant torque and variable speed, it is not suitable for emulating the pumping mode 
AWE systems where both the input torque and speed of generator are highly variable. 
Accordingly, the VFDs employed in the DIT rig have been configured for vector 
control. In vector control mode, the VFDs can emulate pumping mode AWE systems 
with variable torque and speed profiles of the tethered wing system. Figure 3.3 and 3.4 
show the hardware setup after construction.    
Table 3.1 Electrical specifications of the laboratory rig equipment 
Generators (G1, G2 and G3) PMSG, 1.4 kW, 16 Poles, 3 Phase, 20-40 V 
M1 IM, 2.2 kW, 50 Hz, 400 V, 4.96 A, 3 Phase 
M2 IM, 1.5 kW, 50 Hz, 400 V, 3.45 A, 3 Phase  
M3 IM, 2.2 kW, 50 Hz, 400 V, 4.91 A, 3 Phase 
VFDs (VFD1, VFD2,VFD3) 1 phase/3 Phase, 0-1000 V, 0-400 Hz, 0.1-7.5 kW 
Dump loads (L1, L2) Resistive, 6  Phase 
Main load Resistive 1.8  Phase 
















3.2.2  Control and Data Acquisition System 
3.2.2.1  CompactRIO 
CompactRIO is a real-time controller produced by National Instrument. CompactRIO 
consists of an FPGA module, a real-time controller and reconfigurable IO modules. The 
2M gate reconfigurable FPGA along with the 400MHz real-time processor provides a 
significantly fast data processing system for implementation of the real-time control 
loops (National Instrument, 2014). Figure 3.5 illustrates the CompactRIO hardware unit 
with expandable I/O chassis. The DIT experimental rig laboratory hardware setup 
utilises a CompactRIO with eight I/O modules. The first module is an NI9435 a four-
channel, digital input module. This module is used for the generators speed 
measurement. Inductive magnetic proximity sensors have been installed under each 
generator rotor. The output terminals of the proximity sensors have been connected to 
the digital input channels of the NI9435. A tiny ferromagnetic mass has been installed 
on the rotor of each generator. As the mass passes the proximity sensor, it sends a 
positive pulse to the CompactRIO. By measuring the elapsed time between the two 
positive signals, the control system estimates the velocity of the generator. For more 
information about the speed measurement system see appendices A and B.  
The second module is an NI9263 which is a four-channel 0-10 VDC analogue output. 
This module generates a variable control signal for controlling the VFDs. By the 
variation of the control signal's voltage from 0-10, the reference frequency value of the 
VFD changes proportionally. Since the VFDs have been set on vector control mode 
with the change of the reference frequency the output current and voltage are changed 
as well. For more details about the speed and frequency control system see appendices 
A and B.  
The eight-channel digital input NI9401 is the third module. This module is included to 
provide more digital input for future development of the rig. A thirty-two-channel 
voltage measurement module NI9205 has been installed in slot four. The outputs of 
magnetic current sensors have been wired to this module. The magnetic current sensors 
generate a voltage proportional to the current. The voltage is measured by an NI9205 
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module for the estimation of the generators output currents. Further detail on the current 
measurement system is given in appendices A and B.  
Slot five and six accommodate two eight-channel analogue input NI9221 modules. The 
analogue channels have been used for measuring the generated voltage by the 
generators and the main bus voltage. Each channel has been allocated to one phase of a 
generator or main bus. Appendices A, B present more details of the voltage 
measurement system. The seventh and eights slots are relay IO modules NI9481 and 
NI9485 respectively. The relay modules are in charge of controlling the three-phase 
relays. Also, VFDs startup operation is another duty of these modules. For more 
information see appendices A and B. 
 




Fig.3.4 Laboratory hardware setup equipment, coupled motor and generator unit (a); 
VFDs (b); variable transformer (c); PC and Ethernet switch (d); magnetic current 
sensors (e); dump loads (f); inductive proximity sensor (g); CompactRIO  (h); main 
load (i) 
 
Fig.3.5 CompactRIO unit with IO modules  
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3.2.2.2 Software  
Figure 3.6 illustrates the architecture of the control and data acquisition system. The 
CompactRIO communicates with a PC through an Ethernet switch. LabVIEW software 
has been installed on a PC with Windows operating system. LabVIEW provides a 
graphical user interface (GUI) and establishes data transfer between the computer and 
CompactRIO for collecting data and passing control signals to the rig actuators. Figure 
3.7 shows the developed LabView GUI. As aforementioned the CompactRIO has two 
levels of processing, one FPGA and one real-time processor. The FPGA is capable of 
data processing with a speed of up to 400 MHz. This high speed data processing is ideal 
for the synchronisation process as it provides a fast data acquisition system for sampling 
and analysing the generator voltages.  
 
Fig.3.6 Control and data acquisition system  
Two dependent software codes have been developed for the FPGA and the real-time 
processors. The FPGA software contains basic measurements and calculations that 
require high-speed processing. Measurements, synchronisation processing and 
controlling the VFDs and relays are performed in the FPGA. The FPGA 
intercommunicates with the real-time processor via a Direct Memory Access with a 
First-In-First-Out topology (DMA FIFO). The second software has been developed for 
the real-time mode. In this mode, the RT software intercommunicates with the FPGA 
software using DMA FIFO. The real-time software reads data from the DMA FIFO and 
sends it to the Windows host PC. It also acquires the issued command signals by the 
control system and writes them in the DMA FIFO to pass them through the 
communication loop to the FPGA. Further, the real-time software records the acquired 
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data on a USB flash memory in a TDMS (Technical Data Management Streaming) file 
format which can be read and analysed later by Microsoft Excel and MATLAB. Control 
loops for frequency control and load sharing control have been embedded in the real-
time software. Full detail on the FPGA and real-time software code is given in appendix 
B.  
The control of the system can be performed in manual and automatic modes. In manual 
mode, an operator regulates the speed and frequency of the generators manually through 
the graphical controllers in the GUI. Also, the operator can switch the operation mode 
of a generation unit form the power phase to the recovery phase and vice versa using the 
provided controllers in the manual part of the GUI. During the recovery phase, the VFD 
is disconnected from the associated induction motor by a three-phase circuit breaker. A 
GUI on-screen synchroscope helps the operator to perform the synchronisation 
manually. The synchroscope checks the voltage, frequency and load angle and if they 
meet the synchronisation criteria, a rectangular green lamp with ‘satisfactory’ message 
informs the operator that they can interconnect the corresponding generator with the 
main bus. Otherwise, the synchroscope light is red with an ‘Unsatisfactory’ message, 
and it does not allow the operator to interconnect the generator to the main bus thus 
avoiding destructive mechanical torques with an out-of-step synchronisation. In 
automatic mode, the software provides the automatic control of the AWE farm 
according to operator preset information. In this mode, the operator can set the AWE 
operation characteristics such as operation cycle, duty cycle and the delay time between 
the operation of the AWE units. Also, the operator can choose the mechanical torque 
mode for rotating a generator. If 'constant torque' mode is selected, the generated 
mechanical torque produced by the VFDs and induction motors during the power phase 
is constant. In the case, that the operator sets the input torque of the generator to 
'simulated kite torque', the controller adds a sinusoidal torque to the generated torque of 
the prime mover to simulate the figure-of-eight manoeuvre of the tethered kite in AWE 
systems. An automatic frequency controller (AFC) has been developed for each unit in 
automatic mode. The AFC is a PI controller which regulates the mechanical torque of 
the generator according to the predefined operating frequency. Fig. 3.8 shows the 
developed LabVIEW code for AFC3. AFC3 is the frequency controller in charge of 
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controlling the frequency of unit AWE3. Similar LabVIEW code has been developed 
for the automatic frequency control of the other AWE units (see Appendix B). The AFC 
compares the generator frequency and the set-point value and generates a command 
signal for the corresponding VFD to regulate the input mechanical torque of the 
generator. In automatic mode, a load sharing controller (LSC) operates to control the 
share of each interconnected generator in the power production. The LSC is a 
combination of three proportional controllers. Considering the load at the main bus, the 
number of interconnected generators and operational phase of the interconnected 
generators to the main bus, the LSC calculates the equal share of each generator in 
power production and issues appropriate command signals for the prime movers. As the 
synchronised generators operate with the same voltage, the LSC controls the current 
generated by generators to control the load balance in the energy farm. Fig. 3.9 
illustrates the LabVIEW code for the LSC. Fig. 3.10 shows the LabVIEW code for 
AWE1 automatic synchronous controller (ASC1). The ASC compares the frequency, 
voltage and phase angle of the corresponding unit and the main bus and when the 




Fig.3.7 Real-time front panel interface  
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Fig.3.8 AFC3 LabVIEW code  
 




Fig.3.10 ASC 1 LabVIEW code  
3.2.2.3 Accuracy Check and Calibration 
Calibrating sensors and checking the accuracy of measurement systems are critical 
issues before performing any test on the laboratory rig. A Testo optical speed meter 
(Testo, 2018) with ±0.02% accuracy has been utilised to examine how accurate the 
speed measurement system is. A four channel oscilloscope with the sampling rate 
accuracy of ±50 ppm has been used to validate the measured frequency by the control 
and data acquisition system. To check the precision of the measured voltages and 
currents, a multimeter with the accuracy of 0.8% has been used. During the precision 
test, G1 and G2 are loaded by their local dump loads, and G3 is connected to the main 
load. Table 3.2 outlines the accuracy examination results for voltages, currents and 
power. Also, table 3.3 illustrates the precision of the speed and frequency measurement 
system. Tables 3.2 and 3.3 demonstrate that the offset error of the measured values by 
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the control and data acquisition system is always within an acceptable range of accuracy 
(less than 5%).   
Table 3.2 Accuracy of voltage, current and power 
 Voltage (V) Current (A) Power (W) 
Rig Multimeter Error 
(%) 
Rig Multimeter Error 
(%) 
Rig Multimeter Error 
(%) 
G1 17.40 17.15 +1.45 2.90 2.85 +1.75 149 146.36 +1.8 
G2 17.50 17.44 +0.34 2.80 2.90 -3.44 150 151.72 -1.13 
G3 15.20 15 +1.33 8.20 8.33 -1.5 385 374.85 +2.2 
 
Table 3.3 Accuracy of speed and frequency 
 Frequency (Hz) Speed (RPM) 
Rig Oscilloscope Error (%) Rig Speed meter Error (%) 
G1 41.66 41.66 0 318.6 318.9 -0.094 
G2 40.22 41.66 -3.45 319 319.2 -0.062 
G3 40.96 41.66 -1.68 330.6 331 -0.12 
                    
3.3 Direct Interconnection Technique for AWE systems 
3.3.1  Emulation model 
Fig. 3.11 shows the electrical circuit diagram of the emulated non-reversing pumping 
mode AWE farm. Three 1.4 kW Futurenergy permanent magnet synchronous 
generators provide the electrical power production (Futurenergy, 2016). The generators 
are mechanically coupled with the three-phase induction motors as prime movers (TEC 
Electric Motors, 2017). VFDs in collaboration with the induction motors provide the 
speed profile of a tethered kite. Sample speed profiles used in driving the motors are 
demonstrated in Fig. 3.12. The sinusoidal oscillations in the speed are used to represent 
the kite figure-of-eight manoeuvre. To reach a continuous power a 55 seconds delay 
between the operations of generators has been applied. A complete operation cycle for 
each AWE system is considered to be 200 s with the duty cycle of 80%. This means that 
each unit operates 160 s in the power phase and 40 s in the recovery phase. Due to the 
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lack of recorded experimental data for non-reversing pumping mode AWE systems, it is 
difficult to emulate actual generator speed profile precisely. However, according to 
(Vander Lind 2013; Gohl and Luchsinger, 2013; Ruiterkamp and Sieberling, 2013; 
Coleman, 2014; Van der Vlugt et al. 2013; Bormann et al. 2013; Fritz, 2013) the 
provided speed profile is close to the realistic speed profile of the pumping mode AWE 
prototypes. The profiles presented in Fig. 3.12 are the unregulated speed profiles of the 
individual generators before the main bus interconnection. As mentioned earlier, a 
directly interconnected generator stays interconnected with the main bus when it 
operates in the recovery phase. In this situation, the generator performs as a 
synchronous motor to remain synchronised with the main bus. On the experimental 
bench rig, to emulate an AWE unit in the recovery phase, the stator terminals of the 
prime mover motor are disconnected from the corresponding VFD via a relay. Given 
that the induction motors used are squirrel cage and consequently there is no source of 
magnetic field on the rotor, when the stator terminals of the induction motors are open-
circuit during the recovery phase, the induction motors do not impose any opposing 
magnetic force on the rotor during the emulation of AWE unit in the recovery phase. 
Accordingly, during the recovery phase, the mechanical load of the drive motor rotor 
coupled to the generator/PMSG is the only load for the generator now running as a 
synchronous motor on the farm bus. 
 




Fig.3.12 Unregulated speed profiles of the generators  
Figure 3.13 illustrates the designed and implemented direct interconnection algorithm. 
At the start, an automatic frequency controller (AFC) regulates the speed of the 
generator’s prime mover until the frequency of the generator is equal to the operating 
frequency of the energy farm. Once the AWE system launches the synchronisation 
process, an automatic synchronisation controller (ASC) compares the frequencies, 
voltages and phase angles of the generator and the main bus. In the case of any 
frequency difference between the main bus and the generator, the ASC communicates 
with the AFC to regulate the mechanical torque and speed of the generator.  
Considering the uncontrollability of the excitation magnetic field in PMSGs and the 
absence of power electronic converters at the generator terminals there is no direct 
electrical possibility for controlling the phase angle. After achieving the frequency and 
voltage synchronisation criteria, the ASC continuously checks the phase angles, and 
once they are equal, it sends a command signal to the associated breakers for 
interconnection with the main bus. The AFC implements a 0.3% offset in the unit 
frequency lower than the main bus frequency to reach or trigger the synchronisation 
moment. Without this small frequency offset two signals with the same frequencies 
always maintain a constant phase angle difference and the synchronisation moment 




Fig. 3.13 Direct interconnection algorithm  
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 A load sharing controller (LSC) has been developed to control the contribution of each 
generator during power production. The diagram of the developed control system for 
DIT is presented in Fig. 3.14. Unequal power generation leads to a circulating current 
between the interconnected generators and increases power losses within the farm 
power network (Laughton and Warne, 2003). Further, unbalanced power generation 
may load a generator more than its maximum capacity. In this case, a pole-slipping fault 
becomes highly probable causing intensive mechanical and electrical damage 
(Klempner and Kerszenbaum, 2004; Berdy, 1976). 
 
Fig. 3.14 Control diagram of DIT 
As the synchronised generators operate with the same voltage, the LSC uses the current 
generated by each generator to evaluate the level of load balance in the AWE farm. If 
the LSC detects any inequality in the contribution of a generator, it tries to regulate the 
mechanical input power of the generator by controlling the associated VFD (emulating 
AWE input shaft mechanical power change).  
In a real AWE system, the input power regulation is performed by sending command 
signals to the kite flight controller. Once the AFC or LSC sends any command signal to 
the flight controller, it tries to change the input mechanical power of the associated 
generator by changing the crosswind flight manoeuvre and the wing angle of attack. 
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Here AWE3 is the main frequency controller of the farm and therefore regardless of the 
load sharing control, it is allowed to generate more or less than other generators to keep 
the farm frequency close to the assigned operating frequency.  
3.3.2 DIT Experimental Test Results for Pumping Mode AWE Farm 
The following section 3.3.2.1 shows the effects of LSC being deactivated this is done to 
explore the importance of LSC. Section 3.3.2.2 follows with the LSC activate, 
providing much improved system performance.  
3.3.2.1 Test Results Without Load Sharing Controller 
Fig. 3.15 shows the active power of each generator and the total generated power at the 
main bus. Generated power during the power phase is positive, and the consumed 
power over the recovery phase is negative. As mentioned before, during the recovery 
phase a directly interconnected synchronous machine operates as a synchronous motor 
synchronised with the main bus.  
In Fig. 3.15, load sharing control is not implemented. At the begining, AWE3 is 
interconnected to the main bus feeding the main load. AWE3 is also considered as the 
main generator of the farm for the synchronisation process of the other generators. At 
t=3.2s and t=52.1s AWE2 and AWE1 join the main bus although a few seconds after 
the synchronisation, at t=53.1s AWE2 operation is switched to the recovery phase. 
AWE2 consumes about 125W power when it is in the recovery phase. Over this time, 
the main generator (AWE3) and the other interconnected power-phase generator 
(AWE1) are in charge of providing power for the main load and the recovery phase 
unit. As the generators are similar it is expected that they divide the load equally 
between themselves although the presented results in Fig. 3.15 shows an unbalanced 
load between the generators. With the transition of AWE2 to the recovery phase, AWE1 
starts to increase its generated power to about 1050 W while AWE3 declines its 
contribution to 800 W approximately. The main cause of the 250 W load imbalance can 
be justified by Millman’s Theorem (Pican, 2011). According to Millman’s theorem, as 
the paralleled synchronous generators have natural tendency to stay synchronised any 
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small voltage difference between the generators can result a considerable current 
inconsistency and consequently an unbalanced load sharing.  
This poor load sharing can increase the risk of pole slipping fault by overloading the 
generators (Klempner and Kerszenbaum, 2004; Berdy, 1976). Moreover, the circulating 
current can heat up the windings of the generators and causes false operation of the 
overcurrent protection system (Mirus, 2011).  The poor load sharing can also be 
observed when all generators are in the power phase. For illustration, between t=233.8 s 
and 238.6 s, when AWE units are in the power phase; AWE1 generates about 530 W 
while AWE2 and AWE3 generate about 335 W and 830 W respectively. Despite the 
variable and periodic power production of the individual AWE units, the generated 
power at the main bus is continuous and approximately constant. However, at the 
operational phase transition times, power oscillations can be observed. These 
oscillations are due to load variations that result from the changes in the number of 
generation units and the disconnection/reconnection of a synchronous motor (recovery 
phase AWE). Considering the nominal power of the main load is1700W and the 
nominal phase voltage is 32 V, According to Fig. 3.15 the maximum power oscillation 
at the operational phase transition moments is about ±380W which is 22.35% of the 
nominal power.           
The AFC is a proportional-integral (PI) controller. The ASC comprises three hysteresis 
controllers (on/off control action). Each hysteresis controller controls one of the 
synchronisation criteria (i.e. frequency, voltage amplitude and voltage angle). The ASC 
does not generate the breaker synchronisation command signal unless all three on/off 
controllers generate “on” signal at their outputs.  The LSC consists of three proportional 
controllers (P-controllers). Each P-controller controls the power contribution of one 
AWE unit. Considering the load and the number of power phase and recovery phase 
AWEs, the LSC estimates each unit's share to set the reference values of P-controllers.  




Fig. 3.15 Generators’ power and total power at the main bus without load sharing 
control 
Fig. 3.16 shows the main bus frequency without load sharing control. The operating 
frequency is 50 Hz. At the start when just AWE3 is connected to the main bus, its 
automatic frequency controller (AFC1) controls the frequency properly around 50 Hz 
by regulating the input mechanical torque of the generator. In Fig. 3.16 frequency 
fluctuates up to 1.08% around the operating frequency as the result of the oscillating 
input mechanical torque and velocity of the AWE generators. After the synchronisation 
of the other units to the main bus, the frequency is appropriately maintained around the 
operating frequency by the AFCs even when an AWE unit is in the recovery phase. 
Similar to power fluctuations seen in figure 3.15 when an AWE unit is switched 
between the operational phases, temporal fluctuations occur as a result of the variation 
in the power system topology. The maximum temporary frequency oscillation is 2.99Hz 
which is about ±6% of the nominal frequency. Frequency variations particularly low-
frequency oscillations can threaten the power system stability (Shim et al. 2017). To 
keep the transient stability of the generators at the operational phase transition moments 
these oscillations must be kept small as far as possible. In electrically excited 
generators, the frequency oscillations are controlled through a high-speed excitation 
system while in permanent magnet synchronous generators the excitation system is not 
controllable (Shim et al. 2017). Later in this chapter in section 3.2.2.2 it will be shown 
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that the implementation of a load sharing controller is helpful for the reduction of the 
frequency oscillations.         
 
Fig. 3.16 Frequency at the main bus without the LSC 
RMS phase voltage at the main bus is shown in Fig. 3.17. After the synchronisation of 
all AWE units to the main bus, the voltage is oscillating in the range of 31.40-32.50 V.  
Due to the expected oscillating incoming speed and torque profiles from the AWE 
prime movers, it is not possible to achieve a perfectly flat RMS voltage profile. Of 
course, detailed investigation of what generator shaft mechanical input profiles are 
possible is dependent on the AWE flying system design, operation and real-time control 
and beyond the scope of work in this thesis that focuses on electrical power integration 
for AWEs. Based on this experiment run with assumed input profiles, the maximum 
temporary voltage fluctuation at the operational phase transition times is approximately 
±14%. Due to the uncontrollability of the excitation magnetic field in permanent magnet 
generators and the absence of power electronic converters in the offshore field with 
DIT, it is not possible to control the voltage fluctuations at the main bus. Voltage 
variations are highly associated with the variations in the load, hence controlling the 




Fig. 3.17 Main bus phase voltage without the LSC 
Fig. 3.18 illustrates the RMS current at the main bus delivered to the main load. As can 
be seen, the main bus current is continuous and approximately constant although due to 
oscillating torque from the prime movers it is variable within the range of 17.43-18.11 
A. Temporary fluctuations happen when a main bus interconnected unit changes its 
operational phase. Given that the nominal voltage is 32 V, the nominal current of the 
main load is 17.77 A. According to the presented results in Fig. 3.18, the temporary 
current oscillations at the main bus can rise to ±9.3% of the nominal current. These 
temporary current oscillations are not desirable particularly when they happen on a 
regular basis every time that a unit is in the operational phase transition. The temporary 
changes in current can cause rapid voltage overshoots in inductive equipment such as 
power transformers and generators (Dixit and Yadav, 2010). This is more critical for 
large power transformers and generators since they have a large inductance causing a 
significant voltage overshoot. The voltage overshoot is harmful to the power system 
components by increasing the voltage stress on their insulation system. (Dixit and 
Yadav, 2010). The regular occurrence of the voltage overshoots in the directly 
interconnected AWE farm causes persistent periodic voltage stress on the energy farm 
equipment which can negatively affect their standard performance and lifespan. 
Accordingly, voltage and current overshoots must be controlled for better performance 




Fig. 3.18 Main bus current without the LSC  
3.3.2.2  Test Results With Load Sharing Controller  
Fig. 3.19 illustrates the generated power at the main bus and the contribution of each 
unit to the power production when the load sharing controller is implemented. AWE3 is 
directly interconnected to the main bus and AWE2, and AWE3 join the main bus at 
t=7.10s and t= 7.80 s. Power at the main bus is continuous and flat although up to 5% 
consistent fluctuations around the nominal power (1700W) are expected to be inevitable 
as a result of the oscillations in the input power from the prime movers. Such 
approximation can be replaced with real flight data when available from AWE system 
field testing.  Implementation of the load sharing controller significantly reduced the 
temporary power oscillations at the operational phase transition times. With LSC active 
the maximum power spike when a unit undergoes an operational phase transition is 
11% while without LSC active it is 22.35%.  
Thanks to the LSC a proper load balance is evident in Fig. 3.19 although due to power 
oscillation from the prime movers and the AWE3 authority as the pilot generator to 
generate more for the frequency control of the AWE energy farm, it is not possible to 
achieve 100% equal load sharing. For instance between t= 33s and t=73s when AWE1 
is in the recovery phase, the generated power by AWE2 is about 800 W, and AWE3 
generates 950 W approximately. It means that AWE2 and AWE3 contributions during 
this term are about 46% and 54% respectively. Also, between t= 164s and t= 187s when 
all units are in the power phase, LSC controls the shares of AWE1, AWE2 and AWE3 
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with values of 32%, 32% and 36%. Table 3.4 compares the contribution of each 
generator during various operational situations of the energy farm. As can be seen in 
table 3.4, AWE2 and AWE3 always have the same contribution while AWE3 
contribution can be up to 8% more than other generators.                          
 
Fig. 3.19 Generated power at the main bus with the LSC active 
Table 3.4 Share of each AWE unit in the power production with the LSC active 
Power phase Recovery phase AWE1 AWE2 AWE3 
AWE1, AWE2, AWE3   32% 32% 36% 
AWE2, AWE3 AWE1 0% 46% 54% 
AWE1, AWE3 AWE2 48% 0% 52% 
AWE1, AWE2 AWE3 50% 50% 0% 
 
Fig. 3.20 illustrates the AWE farm frequency at the main bus with the load sharing 
controller active. As mentioned before, the operating frequency is 50 Hz. It can be 
observed that despite the fluctuating mechanical power and speed from the prime 
movers (kite and tether drum emulators), AFCs can control the farm frequency close to 
the operating frequency. The frequency of the farm oscillates up to ±1.72 Hz at the 
operational phase transition moments which is 3.44% of the operating frequency. 
Compared to the main bus frequency without LSC where the temporary frequency 
fluctuations at the operational phase transition moments rise to ±6%, i.e. a 71.33% 
improvement is obtained.  
The RMS voltage and current at the main bus with the LSC active are illustrated in Fig. 
3.21 and Fig. 3.22 respectively. The generated voltage fluctuates in the range of 2.5% 
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around the nominal value of 32 V although when an AWE unit changes its operational 
phase, voltage may jump or drop up to 6%. Compared to the main bus voltage without 
the LSC, a notable improvement in the main bus is achieved. With the LSC active, the 
maximum temporary voltage fluctuation range at the operational phase transition 
moments subsides from ±14% to ±6%. Fig. 3.22 shows a significant improvement in the 
generated current at the main bus with the LSC active. The maximum value of the 
current temporary fluctuations at the main bus has decreased from the maximum value 
of 9.3% without the LSC to 6.7% with the LSC active. This 27.95% improvement in the 
current fluctuations at the operational phase transition times can result in less thermal 
and electrical stress on the energy farm equipment.     
 
Fig. 3.20 Frequency at the main bus with the LSC active 
Table 3.5 compares the variations in the main bus parameters before and after the 
utilisation of the LSC. According to table 3.5, the load sharing control in addition to 
reducing the circulating current between the generators can significantly improve the 
temporary fluctuations in the main bus parameters resulting in more reliability and less 
thermal and electromagnetic stress on the power network equipment such as power 
transformer, generators and cables. Despite the significant improvement in the quality 
of the generated power by the directly interconnected AWE generators with the LSC 
active, it is not yet suitable for the grid interconnection. Accordingly, before the grid 
interconnection, the utilisation of an onshore power electronic converter is necessary to 




Fig. 3.21 Phase voltage at the main bus with the LSC active 
 
Fig. 3.22 Current at the main bus with the LSC active 
 
  Table 3.5 Temporary variations in the main bus parameters without and with the LSC  
 Without LSC active With LSC active 
Amplitude Percentage of the 
nominal value 
Amplitude Percentage of the 
nominal value 
Max. active 
power variations  
380 W 22.35% 187 W 11% 
Max. frequency 
variations 
2.99 Hz 6% 1.72 Hz 3.44% 
Max. current 
variations 
1.65 A 9.3% 1.19 A 6.7% 
Max. voltage 
variations 
4.48 V 14% 1.92 V 6% 
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3.4 Discussion and Conclusion 
As described in this chapter, the hardware setup for the investigation of DIT for AWE 
systems has been designed and built. The setup consists of three PMSGs driven by 
three-phase induction motors as prime movers. The laboratory test rig uses variable 
frequency drives for controlling the prime movers to achieve the desired speed and 
torque profiles for the generators to emulate the kite and tether drum operation. A 
National Instrument CompactRIO along with LabVIEW software, sensors and relays 
provide a control and data acquisition system for the hardware setup. A developed 
graphical user interface developed in LabVIEW software enables a communication loop 
between the operator and the developed low-level software in the FPGA and real-time 
modes.  
A DIT algorithm has been designed and implemented. For the implementation of the 
algorithm, three controllers including an automatic synchronisation controller, an 
automatic frequency controller and a load sharing controller have been developed. The 
DIT algorithm has been examined on the hardware setup, and test results have been 
discussed. The results prove the practicality of the DIT for pumping mode AWE 
systems. The primary challenge for the implementation of the direct interconnection 
technique with AWE systems is the interaction of the recovery phase AWE with the 
main bus and other generators. Theoretically, it was anticipated that during the recovery 
phase the directly interconnected AWE unit operates as a synchronous motor to 
maintain synchronism with the main bus. The test results have confirmed the theoretical 
expectations for the operation of the directly interconnected generator during the 
recovery phase. The results show that the transition from the power phase to the 
recovery phase and inversely the transition from the recovery phase to the power phase 
both can cause significant temporary disturbances in the frequency, voltage, current and 
power of the AWE energy farm. However, the temporary oscillations considerably 
subside with the implementation of a load sharing controller. Unbalanced distribution of 
the load between the directly interconnected generators can also result in significant 
circulating currents between the generators negatively affecting the reliability and 
efficiency of the energy farm power network. Despite the benefits, the use of the LSC 
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introduces some negatives but these can be considered less significant than the benefits 
although they are noteworthy for consideration and discussion. As the AFC and LSC 
both regulate the input torque of the generators, improper harmony between the 
controllers can lead to significant oscillations in the generated power of the generators. 
Considering one generator as the pilot generator for the frequency control which is 
exempted from the load sharing control has been shown to be highly helpful or 
desirable in avoiding the inconsistency between the controllers. Further, fast mechanical 
torque and speed controller output in response to the step changes in the operational 
phase of the AWE units can result in high-frequency transient oscillations in the main 
bus frequency and other parameters. Accordingly, proper tuning of the LSC controllers 
and the implementation of the rate and amplitude limiters at the output of the LSC 
controllers are essential.     
The fluctuating power from the prime mover (airborne wing) potentially inherent in 
AWE is another challenge for the implementation of DIT for AWE systems. DIT 
synchronises a generator at equal frequency, voltage and load angle with the main bus. 
Fluctuations of the incoming power from the prime movers make it difficult to find the 
exact moment for the synchronisation. Automatic synchronisation controllers and 
automatic frequency controllers have been developed for the regulation of the prime 
mover power to reach the main bus frequency. The prime mover power regulation has 
been performed via the variable frequency drives controlling the desired voltage and 
frequency of the induction motors as prime movers. In real AWE systems, this must be 
performed by the kite flight controller to change the provided tether force and thus 
tether tension. The results show successful synchronisation of the AWE generators 
using the controllers developed in this work. After synchronisation, frequency 
controllers are in charge of maintaining the farm frequency around the operating 
frequency.  
Assuming interconnection to the grid at landfall through Back to Back power converters 
enabling decoupling of AWE farm from grid frequency, the operating frequency for the 
farm must be calculated based on the wind speed data and the nominal frequency range 
of the generators. At the start of the operation of the farm, the operating frequency must 
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be calculated and set for the frequency controllers as the frequency reference value. 
Even during the operation of the farm, in the instance of notable changes in the wind 
velocity, the operating frequency can be changed in the permitted range to maintain the 
system efficiency as far as possible. In the presented trial in this chapter, the operating 
frequency is considered as 50 Hz. The results show that despite the fluctuating speed 
from the prime movers and the transitory shocks to the system at the phase transition 
times, frequency controllers can control the main bus frequency within an acceptable 
range around the operating frequency.  
A load sharing controller has been developed to control the generator contributions in 
the power generation. The LSC tries to improve the reliability and efficiency of the 
AWE farm by keeping the load divided equally between the generators. The results 
show an appropriate performance of the LSC for controlling the power of the 
generators. Also, a suitable collaboration and harmony can be observed between the 
frequency controllers and load sharing controller.  
The experimental test results of DIT prove the practicality of the direct interconnection 
technique for pumping mode AWE systems. It has been shown that with the 
implementation of suitable controllers this technique is entirely feasible for AWE 
systems. The results show that the generated electrical power is irregular such that it is 
not suitable for the direct grid integration. Hence, the use of a power conversion station 
before the grid interconnection point is necessary to covert the generated power to 
compliant power in line with the grid operation codes. This research has focused on the 
implementation and analysis of DIT for AWE devices inside an energy farm. In this 
regard, the directly interconnected generators are connected to a three-phase resistive 
load to dump the generated power from the farm. For future, the next stage of this 
research thread should analyse the performance of the directly interconnected AWEs 
when they are integrated to the grid and the grid’s dynamic loads through a power 
electronic converter.  
This experimental rig study has used resistive loads for the 3-generator power farm. It 
can be expected that AWE farms with direct interconnection implemented within the 
farm will be integrated through back to back power converters to the power grid. Such 
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converters will provide significant additional capability for controlling power, voltage 
and frequency transients and the generation and supply of power from AWE farms 
within specified regulated codes.  
The chapter has included experimental bench testing of the DIT technique applied to a 
small-scale experimental rig. This experimental work is backed up with simulation 



















Chapter 4 Computer Simulation Studies  
 
4.1 Introduction 
As detailed and described in earlier chapters, direct interconnection is a novel technique 
applicable to interconnecting offshore airborne wind energy (AWE) generators which 
facilitates the removal of power converters from the offshore generation site. In this 
technique, unlike the conventional approach, all generators are interconnected directly 
and after dispatching the generated power to shore, a back to back converter or several 
paralleled back to back converters change the generated power to grid-compliant power. 
The direct interconnection approach eliminates the high expenses of offshore operations 
for the repair and maintenance of offshore power electronic converters. Considering the 
significant failure rate of the power electronic converters, it may lead to significant 
economy improvement (Spinato et al. 2009; Zhao et al. 2017; Pican et al. 2011; 
Coleman et al. 2013, 2014; Coleman, 2014). Chapter 3 has covered the experimental 
testing of the direct interconnection technique (DIT) for AWE systems on a small scale 
experimental rig to examine the practicality and reliability of DIT for pumping mode 
AWE systems. The small AWE farm has been emulated by three permanent magnet 
generators coupled with induction motors as prime movers. A direct interconnection 
algorithm has been designed and tested on the laboratory hardware setup. The 
interaction of the directly interconnected AWE generators during the different 
operational situations has been investigated and discussed. Also, appropriate controllers 
have been developed to improve the efficiency and the reliability of DIT for AWE 
systems. 
This chapter aims to perform further research and study on the direct interconnection 
technique for non-reversing pumping mode AWE systems at larger scale through the 
computer simulations with more flexibility and at larger scale than is possible with the 
rig based experiments of the last chapter. Simulations of utility scale AWE systems 
have been developed and are described. The performance and interaction of the directly 
interconnected AWEs in normal and fault conditions are investigated, and 
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synchronisation, frequency control and load sharing control of the AWE farm are 
examined and discussed. The simulated offshore farm consists of three non-reversing 
pumping mode airborne wind energy systems using permanent magnet generators rated 
at maximum power of 800 kW. The simulation interconnects the AWE generators 
directly to each other without any back to back power converter, and a resistive main 
load is provided to dump the generated power by the AWE energy farm. The 
performance of the AWE generators under normal operating condition during 
synchronisation and the operational phase is investigated. Considering the highly 
variable input mechanical torque from the wings, the synchronisation and the frequency 
control of the generators before and after the interconnection with the main bus can be a 
serious engineering challenge in dealing with the implementation of the direct 
interconnection technique for AWE systems. Hence, robust, fast and reliable 
synchronisation and frequency controllers are required. Furthermore, the use of a load 
sharing controller is necessary to control the generated power of each generator as 
introduced in chapter three. For every unit, an Automatic Frequency Controller (AFC) 
and an Automatic Synchronization Controller (ASC) are designed and implemented. 
Once an AWE unit begins operation, the AFC controls the frequency until it is equal to 
the bus frequency, then the ASC checks the pre-defined synchronisation criteria through 
the synchronisation algorithm, and once a unit is ready for synchronisation, it sends the 
interconnection command to the breakers.  
Due to the unique method of operation, the power generated by pumping-mode AWE 
systems is discontinuous. A proper time delay should be implemented between the 
operation cycles of the AWE units to achieve continuous power (Coleman, 2014; 
Coleman et al. 2013). By applying the time delay, other generators compensate the 
power shortage caused by the recovery phase generator(s). In this condition, other 
generators in the farm increase their generated power to meet the required load power 
and avoid power drop. The contribution of each generator in the power generation must 
be proportional to its capacity as much as possible (Laughton and Warne, 2003). Given 
that the generators in this research are similar, the load must be divided equally between 
the generators. Otherwise, according to the Millman theorem, since the paralleled 
generators have a natural tendency to remain synchronised, any load imbalance can 
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cause a significant current inconsistency or circulating current between the generators 
(Laughton and Warne, 2003). Also, unequal sharing of the power generation may load a 
generator more than its nominal capacity. The extra load may be harmful to the 
overloaded generator and may lead to the generator pole-slipping. The pole-slipping 
condition occurs when the synchronous machine has reached its maximum 
electromagnetic force for remaining synchronised with the bus. It can be very harmful 
to the generator and the prime mover by causing severe transient torques on the 
generator shaft (Klempner and Kerszenbaum, 2004; Berdy, 1976). To achieve 
continuous power and to control the load balance, the design of a fast and reliable load 
sharing controller (LSC) is necessary. Accordingly, an LSC has been designed to check 
the output power of each generator ensuring that the load is divided equally between the 
generation units. In the event of any load imbalance between the AWEs, the LSC sends 
command signals to the kite flight controllers to balance the load by regulating the 
mechanical tension produced by the kite tether and hence the torque on the ground-
based winch drum.  
Simulations implementing the above are detailed in this chapter. Additionally, this 
chapter performs a fault study to examine the reliability and performance of the directly 
interconnected AWEs. The fault study consists of three fault scenarios. The first 
scenario is an unpredicted power outage due to failure in an interconnected generation 
unit. This fault can have a destructive effect on the system and other generators by 
imposing a fast load increase on other AWE systems. The second scenario is the delay 
in a unit transition from the recovery phase to the power phase. Due to any failure in the 
mechanical or control systems between the generator and the wing or due to wind speed 
changes, such a fault may not be uncommon. Since such faults can happen regularly, 
often they are considered as out of nominal operating conditions rather than an 
emergency fault. The third fault scenario is the failure in operation of the direct 
interconnection electrical controllers, specifically the: AFC, LSC or ASC. The 
performance of the direct interconnection technique is highly dependent on the 
appropriate operation of these controllers and associated sensors and hardware. It is 
critical to study how any failure affects these controllers, the affected AWE system, and 
other interconnected generators and AWE systems. This fault study could be beneficial 
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in the design of protection system to improve the reliability and fault ride through 
capability of AWE systems.  
When a directly interconnected AWE system is in the recovery phase, its generator is 
mechanically decoupled from the kite recovery operation while the generator is still 
connected electrically to the main bus. In this condition, the permanent magnet 
synchronous machine operates as an unloaded synchronous motor and needs reactive 
power exchange with the interconnected generators to maintain synchronisation with 
the main bus. This reactive power exchange between the recovery phase idling 
generator and the power phase AWE generators increases the power losses in the farm 
power network through circulating currents. An increase in power loss affects the 
system efficiency and may be harmful to the power network equipment such as 
generators, transformers, and circuit breakers. The results of the study conducted in this 
chapter, show the directly interconnected AWE systems can exhibit a poor load balance 
and significant reactive power exchange which must be addressed. Accordingly, power 
control strategies for reactive and active power are presented to improve the power 
quality. In this regard, reactive power compensators (RPC) design and implementation 
for pumping-mode AWE systems are described. Comparing the performance of the 
directly interconnected, non-reversing pumping mode AWE systems before and after 
adding RPCs to the system shows a significant improvement in the quality of the 
generated power. The chapter concludes with a discussion regarding the presented 
results and suggestions for future research. 
4.2 Modelling and Simulation 
Fig. 4.1 illustrates the offshore farm model used in this analysis. The model consists of 
three non-reversing pumping mode AWE units. Each unit utilises permanent magnet 
synchronous generators (PMSG) to produce electrical energy. The first interconnected 
unit to the main bus (AWE1) performs as the reference for the synchronisation process. 
Each unit feeds an individual 10  dump load (DL) while reaching synchronisation 
criteria and after synchronisation joins the farm's main bus feeding a variable main load 
(ML). The main load consists of three equal and parallel three-phase resistive loads 
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which are switched-in step by step with the interconnection of each generator to 
increase the load with the increase in the number of the interconnected generators. The 
total resistance of the main load after the interconnection of all units to the main bus is 
2.68 . According to Fig. 4.1, the generation units are electrically interconnected to 
each other directly via the interconnect breakers. Generated power is then transmitted to 
the onshore substation through an underwater HVAC power line. The back to back 
power converter(s) installed at the onshore substation adjusts the frequency and voltage 
for interconnection with the grid. Table 4.1 shows the specifications of the modelled 
offshore airborne wind energy farm. In order to simulate the generator, the 
characteristics of a real wind energy PMSG generator JSPM J-48 are used (Pican, 
2011). Also for the underwater transmission system, the specifications of ABB 10-90 
kV XLPE three-core subsea cable are employed in the simulation model. For each unit, 
the power phase and the recovery phase duration are 80 and 20 seconds respectively. To 
reach a continuous power at the output of the farm, a 25 second delay is considered for 
the start of each AWE unit. Simulation has been performed using Matlab/ Simulink 
Simpower Systems software. The simulated model in Matlab Simulink is illustrated in 
Fig. 4.2. For more information about the Simulink model see appendix C.  
 
 







Fig. 4.2 Simulated models in Matlab Simulink 
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Table 4.1. Simulated system specifications 
PMSG rated frequency (Hz) 18.6 
PMSG max. rated power (kW) 




PMSG flux linkage (Wb) 6.86 
PMSG stator resistance (m  
PMSG number of pole pairs 45 
Dump loads resistance () 10 
Main load resistance () 2.68 
AWE period (s) 100 
AWE duty cycle (%) 80 
AWE cycle phase delay (s) 25 
Transmission line length (km) 20 
Transmission line inductance (mH/km) 0.39 
Transmission line capacitance (F/km) 0.34 
 
4.2.1  Tethered Wing and Power Take-off Model 
In a simplified aerodynamic model of an AWE system, the nominal mechanical power 
produced is given by (eq. 4.1) (Coleman, 2014; Coleman et al. 2013)  
𝑃𝑚 = 𝐹𝑡𝑉𝑡                                                                                                                     (4.1) 











2                                                                                                              (4.3) 
Where in (eq. 4.1)-(eq. 4.3) Ft is tensile force, Vt is tether velocity, L and D are lift and 
drag forces, CL and CD are the coefficients of lift and drag of the wing, is the density 
of air,  S is the area of wing, and Va is the airspeed. 
The resultant aerodynamic force vector during the steady flight is: 
𝑅 = √𝐿2 + 𝐷2                                                                                                              (4.4) 





2                                                                                                           (4.5) 
If we assume that the wing is in a crosswind motion perpendicular to the wind vector 
and neglect the weight of the wing according to (Loyd, 1980), if L/D is large, then Va 
can be described as: 
𝑉𝑎 = (𝑉𝑤 − 𝑉𝑑)𝐸                                                                                                          (4.6) 
Where Vw is the wind speed, Vd is the downwind velocity of the wing and E is the lift to 
drag ratio (L/D). 
Vd of the wing is determined by the tether velocity Vt and the tether angle of elevation : 
𝑉𝑑 = 𝑉𝑡𝑐𝑜𝑠𝜃                                                                                                                 (4.7) 





2𝐸2                                                                                           (4.8) 
Then the mechanical power produced by the wing is: 




2𝐸2𝑉𝑡                                                                          (4.9) 
According to (Loyd, 1980) at the power optimal, the downwind velocity of the wing is 




= 𝑉𝑡𝑐𝑜𝑠𝜃                                                                                                      (4.10) 
At the speed ratio given in (eq. 4.10) force and mechanical power produced by the wing 










3𝐸2                                                                                              (4.12) 
The differential equation governing the system speed is given by (Coleman, 2014): 
𝑇𝑚 − 𝑇𝑒 − 𝐵𝜔𝑟 − 𝑇𝑓 = 𝐽
𝑑𝜔𝑟
𝑑𝑡
                                                                                     (4.13)  
95 
 
Where Te is the generator electromagnetic torque, B is the combined viscous friction 
coefficient of the generator rotor and drive, Tf is the drive friction torque, and J is the 
combined inertia of the generator and drivetrain. The speed of the tether drum is related 
to the tether speed by (eq. 4.14). 
𝑉𝑡 = 𝑟. 𝜔𝑑                                                                                                                  (4.14) 
Where d is the angular velocity of the tether drum and r is the radius of the tether 
drum. The mechanical torque produced on the tether drum due to tether force is 
calculated by: 
𝑇𝑚 = 𝐹𝑡. 𝑟                                                                                                                   (4.15)   
Since the tether drum is connected directly to the generator angular velocity of the 
generator rotor is equal to the drum angular velocity: 
𝜔𝑑 = 𝜔𝑟                                                                                                                     (4.16) 
 
Fig. 4.3   Aerodynamic Forces during crosswind flight (Coleman, 2014) 
 
4.2.2  Permanent Magnet Synchronous Generator Model 
It is considered that the PMSG is a round rotor machine. The electromagnetic force of 






 𝑛𝑝. 𝜓𝑃𝑀. 𝑖𝑠𝑞                                                                                                                  (4.17) 
Where np is the number of pole pairs, 𝜓𝑃𝑀 is the flux linkage produced by the magnets 
and isq is the stator current in the d-q reference frame. The induced internal voltage in 
the stator windings of the PMSG is given by (eq. 4.18). 
|𝐸| = 2𝜋. 𝑓𝑒 . 𝜓𝑃𝑀                                                                                          (4.18) 





                                                                                                                   (4.19) 
The stator voltage in the d-q frame is given by (eq. 4.20) and (eq. 4.21).  
𝑢𝑠𝑑 = −𝑅𝑠𝑖𝑠𝑑 − 2𝜋. 𝑓𝑒𝜓𝑠𝑞 +
𝑑𝜓𝑠𝑑
𝑑𝑡
                                                                             (4.20) 
𝑢𝑠𝑞 = −𝑅𝑠𝑖𝑠𝑞 + 2𝜋. 𝑓𝑒𝜓𝑠𝑑 +
𝑑𝜓𝑠𝑞
𝑑𝑡
                                                                             (4.21) 
Where usd and usq are the stator terminal voltages, Rs is the stator resistance, isd and isq 
are the stator currents in the d-q frame. The induced flux linkages in the stator can be 
calculated by (eq. 4.22) and (eq. 4.23). 
𝜓𝑠𝑑 = −𝐿𝑑𝑖𝑠𝑑 + 𝜓𝑃𝑀                                                                                                (4.22) 
𝜓𝑠𝑞 = −𝐿𝑞𝑖𝑠𝑞                                                                                                             (4.23) 
Where Ld and Lq are the stator inductances. The active and reactive powers of the 








[𝑢𝑠𝑞𝑖𝑠𝑑 + 𝑢𝑠𝑑𝑖𝑠𝑞]                                                                                        (4.25) 
4.2.3 Direct Interconnection of Offshore AWEs 
Managing the generator synchronisation and kite torque control are significant 
challenges in dealing with the direct interconnection of airborne wind energy devices. 
97 
 
The AWE devices in this study use permanent magnet synchronous generators. Fig. 4.4 
explains the synchronisation algorithm. The start-up procedure begins with the AFC 
estimating the wind speed and checking whether the speed is suitable for energy 
production. In this regard, a predefined operation curve has been prepared. Fig. 4.5 
shows the operation curve. In this study, cut-in and cut-off wind speeds are 3 m/s and 
25 m/s respectively. In the wind velocities less than the cut-in speed, power generation 
is not efficient enough and therefore the ASC does not allow the system to launch the 
operation. Also, if the wind exceeds the cut-off boundary, the ASC trips the system 
operation to secure the kite, tether and ground station from destructive mechanical 
forces. The optimal relative lift force of the kite for maximum power production 
happens when the downwind speed of the kite (Vd) is 1/3 of the wind speed (Vw) (Loyd, 
1980). Accordingly, to operate at power optimal, the flight controller tries to keep the 
kite downwind velocity (Vd) equal or close to the Vw/3. Considering the wind speed, the 
downwind velocity of the wing for power optimal and the rated frequency range of the 
generators, the AFC calculates an operating frequency for the energy farm. The ASC 
compares the frequencies of the offline unit and the bus. If they are not equal, the 
synchronizer sends a signal to the kite control system through the AFC to change the 
tether speed slightly and consequently the electrical frequency. The kite control system 
is similar to the pitch controller of conventional wind turbines. This controller seeks to 
control the input power and torque of the AWE system by changing the crosswind 
manoeuvres and the lift profile of the kite. If the frequencies are equal, the synchronizer 
goes to the next stage, checking the amplitude and phase of the unit’s voltage. After 
finding the voltage phase and amplitude compliant with the bus, the synchroniser 
system sends an operation signal to the unit’s circuit breaker (CB) to interconnect the 
corresponding AWE with the main bus. As mentioned before, a load sharing controller 
checks the output power of the generators to make sure that the load is divided equally 
between them and that they are generating the same amount of power. If there is a 
power imbalance between the generators, it sends a signal to the kite controller system 
to regulate the input tension/drum torque from the respective kite. The output signal of 
each controller is limited by rate limiters to avoid rapid changes in the torque which can 




Fig. 4.4 Direct interconnection flow chart 
4.3  Simulation Results 
4.3.1  Normal Condition 
In the implemented simulations, three non-reversing pumping mode AWE systems form 
the airborne wind energy farm. From the beginning, AWE1 starts to operate. After the 
startup, AFC1 estimates the best operating frequency for the farm and tries to set the 
operating frequency in collaboration with the flight controller. In this work, the 
operating frequency of the farm is 18.6 Hz. The operating frequency is calculated by 
considering the wind speed, kite speed at the power optimal and nominal frequency 
range of the generators. After reaching the frequency set point, the synchronisers 
consider AWE1 as the reference for synchronisation. Since each AWE unit operates for 
20 seconds in the recovery phase, AWE2 is operated with 25 seconds delay. The 
sequenced delay in operation enables a continuous power generation. Following the 
start of AWE2, its frequency controller (AFC2) starts to operate and controls the 
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frequency. Meanwhile, the synchronizer checks the unit frequency, voltage amplitude 
and voltage angle for synchronisation and in the instance of any difference between the 
unit frequency and the bus frequency it sends command signals to the frequency 
controller to match the AWE frequency with the bus. AWE3 is enabled with 50s delay 
and similar to AWE2 it is equipped with a synchroniser and a frequency controller. 
 
 
Fig. 4.5 Desired power curve for the modelled AWEs  
As mentioned, the reciprocal operation of pumping mode AWE systems has two phases 
of operation, the power (pumping) phase and the recovery phase. Therefore, the 
operation period of an AWE system is specified by the sum of the power phase duration 
and the recovery phase duration. The ratio of the power phase period to the operation 
period of an AWE cycle is defined as the duty cycle of that AWE system. For 
modelling purposes to approximate the non-constant AWE wing lift or tension during 
flight in figures of eight, the torque delivered to the generator by the kite and tether 
during the power phase period is modelled as a constant torque with two fluctuating 
components added to it; a sinusoidal torque and a band-limited white noise torque. The 
sinusoidal component is the torque from the periodic manoeuvre of the wing in the 
figure of eights, and the white noise torque represents the wind turbulence. The 
unregulated delivered torque for the generator is demonstrated in Fig. 4.6. Concerning 
the lack of large datasets from AWE kite test results, it is difficult to model the torque 
from the kite accurately. However, according to the presented results in (Coleman, 
2014; Van der Vlugt et al. 2013; Bormann, 2013; Fritz, 2013; Ruiterkamp and 
Sieberling, 2013) the represented torque in Fig. 4.6 can be considered to approximate 




Fig. 4.6 Mechanical torque availability from the kite and the tether  
Given that the generators are excited by permanent magnets, it is not possible to control 
the generated voltage by controlling the magnetic field in the way that is possible in 
electrically excited synchronous generators. After matching the unit frequency with the 
bus frequency, the synchronizer checks the voltage amplitudes and phase angles and 
waits for the best moment for synchronisation. The synchroniser considers a 0.3% offset 
in the unit frequency lower than the bus frequency (resulting in a low beat frequency) 
which is necessary to reach synchronisation. The small frequency offset is required as 
without this offset the two voltage signals would have the same frequencies so that the 
phase angles never align and synchronisation would never be reached. Once the 
synchronisation criteria are met, the synchroniser closes the breakers to interconnect the 
corresponding AWE unit with the bus. After interconnection, the synchronised PMSG 
operates with the same frequency as the other interconnected PMSGs, and any change 
in the wind speed affects the generated power of the interconnected PMSGs. Fig. 4.7 
shows the frequency and mechanical torque of the generators. Each system operates 
within the haul out power phase for 80 seconds, and for 20 seconds it is in the haul in 
recovery phase. In the recovery phase of the operation, the generator is mechanically 
decoupled from the kite by an overrunning clutch (as outlined in Fig. 2.6, chapter 2) 
while it remains electrically interconnected and synchronised with the main bus as an 
unloaded synchronous motor. After 20 seconds, the kite begins a new power cycle, and 
the generator is coupled to the kite again through the clutch to produce electrical power. 
Any time that an interconnected generator switches to the recovery phase from the 
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power phase and vice versa to power phase from recovery phase, transient oscillations 
in farm frequency (less than 6% in the simulated case) are produced. In larger AWE 
farms with more than three AWE systems, such transient oscillations will be less due to 
the larger rotating inertia resulting from multiple generators in the farm. AWE2 and 
AWE3 are synchronised with the main bus at 42.03s and 54.39s respectively. 
In Fig. 4.7b due to the fluctuations in the torque coming from the tethered wings, the 
mechanical torques of the generators are highly oscillating. However, Fig. 4.7b shows 
the proper operation of the controllers in the torque regulation so that generators always 





Fig. 4.7 Frequency (a) and mechanical torque (b) of the generators 
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The farm is monitored by a load sharing controller (LSC) to keep the load balance 
between the generation units. The control diagram of the AWE farm is illustrated in Fig. 
4.8. The load sharing operation is vital for the proper performance of the interconnected 
generators. Given that the generators are similar, they ideally should generate the same 
amount of power after interconnection. Otherwise as discussed in chapter 2 and 3 also, 
according to the Millman theorem, the paralleled generators have the natural tendency 
to remain synchronised, but any load imbalance can cause sizeable current 
inconsistency or circulating currents between the generators (Laughton and Warne, 
2003). Fig. 4.9 shows the root mean square (RMS) currents of each generator. It can be 
seen that the generation units generate equal power while AWE1 which is acting as the 
pilot generator for frequency control is allowed to generate slightly more or less than 
other units to keep the frequency close to the farm operating frequency which is 18.6 
Hz. In Fig. 4.9, even when a generator is in the recovery phase, the current of other 
generators increases equally to compensate. When some interconnected generators are 
in the recovery phase, the LSC operation is more critical. During this time, the other 
generators increase their generated power to compensate the lack of power generation 
from the recovery phase generator. An unequal power increase may load some 
generators more than others. This unbalanced loading is potentially harmful to the 
heavily loaded generators and could lead to generator pole-slipping. The pole-slipping 
can cause severe electrical transients and torques on the generator shaft and can be very 
harmful to the prime mover (Klempner and Kerszenbaum, 2004 and Berdy, 1976). 
As mentioned earlier, during the recovery phase, the generator is decoupled from the 
kite but is still connected to the main bus, and it operates as an unloaded or idling 
synchronous machine. In electrical engineering terms, the unloaded synchronous 
machine is called a synchronous condenser which is commonly used for adjusting 
reactive power on electrical power transmission networks (Khaing, 2014). In Fig. 4.9, 
when a machine is in the recovery phase, it exchanges approximately 74 A current 
(reactive power) with the main bus / interconnected generators. The quadrature currents 
result in I
2
R losses in the interconnecting conductors (Klempner and Kerszenbaum, 
2004). The reactive power exchange may increase concerns about power factor 




Fig. 4.8 Control diagram of the AWE farm 
 
Fig. 4.9 RMS currents under normal condition 
104 
 
Fig. 4.10 demonstrates the total generated active power of the AWE offshore farm. 
Although the individual power of each AWE is discontinuous, the main bus power is 
continuous. This continuous power is the result of 25 seconds delay between the 
operations of individual units. 
Figure 4.10 shows the power generated by the directly interconnected AWE generators 
is highly fluctuating. This current chapter and chapter three have shown that the 
implementation of proper controllers is helpful to reduce the oscillations particularly the 
temporary oscillations at the operational phase transition moments. Despite the 
improvements, the power oscillations are still undesirable for the grid interconnection, 
and the generated power has to be converted to a smooth power in compliance with grid 
codes prior to the point of common coupling (PCC). Accordingly, after power 
transmission to the onshore substation and before interconnection with grid, power 
electronic converters and flexible alternating current transmission systems (FACTS) 
must be utilised. FACTS devices can deal with less than 2Hz low-frequency oscillations 
with short-term (up to 10 seconds) and mid-term (from 10 seconds to a few minutes) 
duration (Dash and Mishra, 2003; Sadikovic et al. 2005; Liu, 2006). Different FACTS 
devices such as thyristor controlled series capacitor/reactor (TCSC/TCSR), static VAR 
compensator (SVC) and static synchronous compensator (STATCOM) are available in 
the market, and they are widely used for wind energy systems to provide a stable power 
profile for grid interconnection (ABB, 2015; Gautam et al. 2014). However, grid 
interconnection is beyond the scope of this research at this stage; damping power 
oscillations prior to the integration with grid must be considered for the next stage of 
this research in future which will address the grid interconnection of the directly 
interconnected AWE systems.               
The existence of the noise and sinusoidal elements in the torque provided by the 
tethered wing leads to significant fluctuations in the generated power. Noise torque is 
the result of the wing and tether vibrations due to wind turbulences (Coleman, 2014).  
Better aerodynamic behaviour of the wing could be effective in reducing the noise 
torque. The wing flight controller could, or likely should be designed with a target of 
constant tether tension or constant mechanical power rather than designed to seek to 
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achieve the maximum tether tension or maximum mechanical power. Thus, from a 
constant power generation point of view, the flight controller could aid in controlling 
and minimising the size of the sinusoidal cyclical fluctuations. This undesirable torque 
appears with the figure-of-eight operation of the flying wing (Coleman, 2014). 
Thorough elimination of the sinusoidal and noise torques is preferred to achieve power 
production with small oscillations over time.  
Fig. 4.11 illustrates the ideal power and frequency generated by the directly 
interconnected generators without sinusoidal and noise torques. As can be seen, except 
for the temporary transients at the operational phase transitions moments, fluctuations in 
the power and frequency have significantly decreased.  
 
Fig. 4.10 Total generated active power on the main bus   
At this stage of the research with the lack of test data from research teams engaged in 
AWE wing flight testing, it is not possible to know how likely it is that a near-flat time-
tension/torque profile can possibly be achieved from the wing with the flight controller. 
Future work in AWE systems and flight controller designs must move towards, the 
mechanical torque profile presented in Fig. 4.11 which is considered as the ideal 
condition for continuous power take off from pumping-mode AWE systems. If AWE 
farms can provide power with lower oscillations, the power electronic device 
requirements will be smaller in scale and this will positively affect the cost of the power 
generated by the directly interconnected generators.  
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In the following we consider the ideal condition for timing schedules of pumping mode 
cycles and input mechanical torques to achieve the ideal power and frequency outputs 
with minimum fluctuation at the operational phase transition times. The objective is to 
attain flat aggregated mechanical torque of synchronised generators in power phase. As 
the generators are synchronised, such flat aggregated torque is expected to result in 
constant power production. The following is presented to illustrate this ideal case 
without considering the implications for the flight control of the AWE wings necessary 
to give trapezoidal mechanical torque profiles on the generator sets. 
 The ideal duty cycle is 83.33% 
 The ramp-up and ramp-down time should be equal and equal to the time of the 
recovery phase 
 The aggregated mechanical torque of the generators should be flat and equal to 
(N-1) times the flat level torque of an individual wing. N is the total number of 
AWE generators.  
 For a large number of AWE generators, they must be run in groups of three to 
achieve such an ideal condition. For instance, if we have 6, 9 or 12 AWEs, they 
should be run in groups of three as per figure 4.11a. It is advised to keep the 
number of AWE units as multiples of three as with the application of the above 
conditions to each group of three, we have 2/3 of AWE units in the power phase 
at all times.   
Fig. 4-11 shows the perfect timing of the generators input mechanical torques that yield 
a constant aggregated mechanical torque and this leads to a significant improvement in 
the temporary oscillations at the operational transition /switching times. However small 
temporary oscillations (maximum 0.8% for frequency and 3% for power) can still be 
seen due to the switching between the pumping phases and the controllers' transient 
oscillations. Comparison of the frequency and power plot in figure 4.11 and further 
back in 4.10 and earlier figures gives a clear guide for the motivation for seeking that 
AWE wing flight controllers seek to deliver constant tension rather that oscillatory 









Fig. 4.11 AWE farm performance without sinusoidal and noise torque elements and 
ideal timing of the mechanical torque input, AWEs mechanical torque availabilities (a), 
Main bus Frequency (b), Main bus power (c)     
4.3.2 Fault Condition Modelling 
4.3.2.1 Power system blackout 
A power system blackout is an intense type of power outage when a major generation 
unit is lost. A power blackout may occur due to any failure in the generator, prime 
mover or other system equipment. In this condition, the faulty generator is incapable of 
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staying synchronised with the power system. To minimise the damage as much as 
possible, rapid disconnection from the power network is necessary. From the network 
side, depending on the size of the power blackout, this unpredicted and rapid power 
outage can have destructive consequences. Other generators can be overloaded as they 
generate more power to compensate. Frequency drop, voltage drop, overcurrent and 
mechanical stresses on the intermediate system between the generator and prime mover 
are possible consequences of the power blackout. Power blackout also increases the risk 
of the pole-slipping fault by overloading the other generators as they increase their 
power generation close to their maximum power generation limit. In the event of further 
blackouts because of pole-slipping, the load increases on the remaining generators, and 
more generators may need to be disconnected from the power network. This trend can 
continue in a cascade until a complete power system collapse (Kulkarniirlekar, 2015).  
In this section, one example of a power blackout condition is examined where one 
generator has rapidly and unexpectedly been disconnected from the energy farm power 
network. The blackout fault study is conducted when two AWEs are in the generation 
phase, and another one is in the recovery phase. At t=135s when AWE3 is in the 
recovery phase, AWE2 is disconnected from the main bus. Fig. 4.12a shows the 
frequency of the farm under the AWE2 blackout. Approximately 46% frequency drop 
occurs when one of the remaining connected generators is in the recovery phase, and 
approximately 6% drop is observed when both of the other two AWEs are in the power 
phase. Also evident in Fig. 4.12b, the bus voltage has declined 44% when one generator 
is in the recovery phase. Furthermore, the power blackout caused a considerable (54%) 
overcurrent which can be seen in Fig. 4.13. The frequency drop can cause severe 
mechanical loads on the mechanical connection between the generator and kite (i.e. 
shaft and tether). In this condition, to keep the wind farm online and supporting the grid, 
rapid load shedding strategies must be implemented to decrease the electrical load until 
the farm returns to its operating frequency and voltage. Otherwise, the farm power 
network should be tripped off to keep the generators and the farm equipment safe (Wu 
et al. 2017; Shahgholian and Salari, 2012).   
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(a)                                                                     (b)  
Fig. 4.12 Farm frequency (a) and bus voltage (b) under an AWE2 Blackout at t=135s 
                  
                                    (a)                                                                     (b) 
Fig. 4.13 Currents in the case of an AWE2 Blackout at t=135s, AWE1 (a) AWE3 (b) 
4.3.2.2 Delay in the Operation Phase Transmission 
Ideally, each AWE unit operates 80 seconds in the power phase and 20 seconds in the 
recovery phase. However, the real systems may not always follow this profile precisely 
because of weather events, and errors in the kite and flight control system. A recovery 
period longer than what it should be or delay in the transition from the recovery phase 
to the power phase can be harmful to the farm equipment if the load is not reduced. In 
this condition, the other generators are overloaded, and the voltage and frequency drop 
across the power network. To study the effects of this situation on the AWE farm 
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operation a scenario has been designed and modelled. At t=105 the operation phase of 
AWE2 is changed to the recovery phase. As per the pre-planned operating sequence, it 
should be back to the power phase after 20 seconds, i.e. at t=125 s. However, it is 
delayed by 100 seconds, i.e. at t=225 s. The performance of the farm during this phase 
transition delay and without load reduction is investigated. Fig. 4.14 shows the farm 
frequency under the AWE2 operational phase transition fault. From t=125s to 130s, the 
frequency has not declined. At t=130s when AWE3 switched to the recovery phase, the 
frequency has fallen to 11.65 Hz. The same 37% frequency drop can be observed when 
AWE1 is switched to the recovery phase (between t=180s and 200s). The generators’ 
currents under the transition fault are shown in Fig. 4.15. The AWE2 delay in the phase 
transition can cause up to 65% overcurrent in AWE1 when AWE3 is in the recovery 
phase and the same overcurrent in AWE3 when AWE1 is in the recovery phase. 
In Fig. 4.16a and Fig. 4.16b, the AWE2 delay in phase transition has led to 
approximately a 37% drop in the farm voltage and a 64% drop in the farm power 
respectively. When AWE1 and AWE3 are both in the generation phase, the AWE2 
failure in the phase transition does not affect the voltage and frequency. This failure is 
destructive when another AWE unit is switched to the recovery phase. In this condition, 
because of the maximum power limitation, one standalone AWE unit is incapable of 
generating all the required power by the load, and therefore the frequency and voltage 
are drastically dropped. Having enough power redundancy and using generation units 
with appropriate power less than their maximum capacity increases their capacity to 
overcome the power shortage. Otherwise, the use of load shedding techniques or system 
trips is inevitable. Utilisation of appropriate sensors and actuators and robust controllers 
can decrease the probability and risk of a delay, in operation phase transition fault. 
Also, it is expected if commercial utility scale AWE generation is rolled out in future, 
the total number of generators in a farm will be significantly higher than three so a 













                                           (a)                                                      (b) 
Fig. 4.16 Bus voltage (a) and Main bus power (b) under a phase transition fault 
4.3.2.3 Failure in the operation of the electrical system controllers 
The direct interconnection technique is highly dependent on the operation of the ASC, 
AFC and LSC controllers. The performance of the frequency controllers (AFC) is 
crucial during the synchronisation and interconnection processes. After synchronisation, 
all the interconnected generators operate with the same frequency. The frequency 
controllers try to keep the farm frequency a close as possible to the specified frequency 
as much as possible. However, because of the highly variable torque from the wing, it is 
not possible to achieve precisely constant frequency. Any failure in the AFC can cause 
significant frequency fluctuations across the farm power network. 
The automatic synchronisation controllers (ASC) work closely with frequency 
controllers. ASCs check the frequency, voltage and voltage angle of each generator. 
Once these variables meet the synchronisation criteria, the associated ASC sends an 
interconnection signal to the main bus circuit breaker. The correct functioning of this 
controller is necessary for the direct interconnection technique. Any problem in its 
performance can be harmful to the corresponding generator and the farm. Inaccurate 
synchronisation imposes severe torque stresses on the generator shaft which can be very 
harmful to the generator, prime mover and any intermediate mechanical system between 
the generator and prime mover. Furthermore, it may cause high transient frequency and 
voltage oscillations on the main bus.  
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The load sharing controller is in charge of load balance inside the AWE farm. It 
improves the reliability and the efficiency of the farm. The LSC monitors the generated 
power and the load power, it then tries to distribute the load equally between the 
generators operating in the power phase. Improper performance of the LSC can cause 
frequency and voltage oscillations. The LSC improves the reliability of the farm by 
reducing the risk of the pole-slipping and power blackout. Three scenarios have been 
designed and implemented in simulation trials to study how faulty controllers can affect 
the farm. The first scenario investigates the consequences of the failure in AFCs while 
the second and third scenarios consider the effect of malfunctions in an ASC and LSC 
respectively. 
4.3.2.3.1  AFC fault 
Fig. 4.17 shows the frequency of the farm when the AWE1 frequency controller has 
been disabled at t=115s. The interconnected generators rotate at an equal speed, i.e. in 
synchronism. Any change in the speed of one generator affects the velocity of all 
synchronised generators. The frequency controller of AWE1 (AFC1) is the master 
frequency controller of the farm. If AFC1 is in the recovery phase or it is inoperable for 
any reason, AFC2 or AFC3 must be enabled as the master. However, in this scenario to 
simulate the worst condition, switching of the active frequency controller does not 
occur following AFC1 breakdown. According to Fig. 4.17, without AFCs the frequency 
of the park is highly irregular so that it can drop up to 36%.  Fig. 4.18 demonstrates that 
the frequency controller fault also affects the performance of the LSC. It can cause one 
unit to generate up to 55% more than other generators. The irregular frequency 
oscillations caused by an AFC fault can potentially be very harmful to the generators, 
kites and farm equipment such as transformers and switches. However, it is not very 
likely that the loss of all AFCs occurs at the same time. In the case of this fault, the 
offshore AWE farm must be tripped onto the dump loads, and the individual units must 




Fig. 4.17 Farm frequency under an AFC1 fault 
 
Fig. 4.18 Generators currents under an AFC1 fault 
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4.3.2.3.2  ASC Fault 
Any failure in the ASC subsystems such as in measuring instruments, processing unit, 
command transmission unit or breakers may lead to an out of step synchronisation. Out 
of step synchronisation can cause significant transient fluctuations in the torque and 
frequency. Fig. 4.19 shows the frequency of the farm under an ASC fault. The 
automatic synchronisation controller interconnects AWE3 to the main bus at t=52s. At 
this time, the voltage angle of the generator is not equal to the farm voltage angle. The 
consequence is a 62.5Hz transient oscillation which is 3.36 times the operating 
frequency of the farm. The impact of the ASC fault on the mechanical torque is 
demonstrated in Fig. 4.20. It has caused a 180 kN.m transient torque in 8.24 seconds 
which is about 3.6 times greater than the maximum nominal torque. This torque could 
cause extensive damage to the generator, tether drum, tether, and kite. Out of step 
synchronisation can be very fast and destructive. The frequency and voltage angle of the 
bus and generators should be monitored continuously, and in the case of any faulty 
synchronisation, the joining generator must be isolated from the bus rapidly and 
returned to its dump load. Robust and redundant system designs are certainly required 
for the protection of the AWE farm systems against such faults. 
 




Fig. 4.20 AWE3 torque under an ASC fault 
4.3.2.3.3 LSC Fault 
Fig. 4.21 and Fig. 4.22 illustrate the frequency of the farm and the currents of the 
generators respectively. The LSC has been disabled at t=70s. This fault can occur due to 
any fault in measurement instruments, controller and actuator. The frequency has not 
been severely affected by this fault although the unequal distribution of the load is 
evident in the generators currents. For instance, as shown in Fig. 4.9 when the farm is in 
normal operating condition, between t=105s and 125s, in which AWE2 is in the 
recovery phase, AWE1 and AWE3 are generating 110A each. However, in the case of 
LSC break down, AWE1 generates about 180-190A, and AWE3 produces 50-60A. This 
is approximately 64% overcurrent for AWE1. This overcurrent could be harmful to the 
corresponding electrical equipment for the AWE1 unit. Also, it increases the risk of the 
generator pole-slipping. Disconnection of the overloaded generator cannot be a proper 
solution for this fault since it may overload other generators and therefore it should be 
avoided as far as possible. However, sometimes the disconnection from the main bus or 
the farm shutdown is inevitable for the generator pole-slipping protection. Using a 







Fig. 4.21 Farm frequency under an LSC fault 
 
 





4.3.3  Power Quality Study 
In a power quality study model, an operation cycle is considered with a period of 
120 s and the time delay between AWE power stroke operations is 26 s. Other 
specifications comply with table 4.1, and no faults are present. Referring to Fig. 4.9, 
it can be observed that when an AWE unit is in the recovery phase, the PMSG 
exchanges 74A current with the main bus. This circulation is due to the reactive 
power exchange between the idling recovery phase generator and the other 
generators. To elaborate, during the recovery phase the directly interconnected 
permanent magnet synchronous generator operates as an unloaded synchronous 
motor. This unloaded synchronous motor draws a small amount of active power and 
exchanges a significant amount of reactive power to stay synchronised with the 
other generators. The reactive power exchange can be seen in Fig. 4.23. As an 
illustration, between t=96 s and t=120 s, AWE1 is in the recovery phase, and it 
exchanges 125 kVAR leading reactive power with the main bus. During the same 
time, it can be seen that the reactive powers of AWE2 and AWE3 have increased to 
62 and 63 kVAR lagging respectively. This reactive power exchange between the 
recovery phase AWE and the power phase AWEs can decrease the power quality of 
the system by reducing the power factors. Also, it results in increased power losses 
by increasing the current flow through the system equipment such as local farm 
field cabling, generators, transformers and circuit breakers.  
A reactive power controller (RPC) has been developed and implemented for each 
AWE unit. Fig. 4.26 demonstrates the improved control system for the AWE farm. 
The RPC consists of a variable capacitor bank parallel to the terminals of the 
generator and a controller which tracks the reactive power exchanges. If an RPC 
detects any lagging reactive power at the output of an AWE unit, it switches the 
appropriate number of capacitors to the generator terminal to compensate the 
lagging reactive power. The new configuration of the farm with reactive power 
compensators has been shown in Fig. 4.27. The capacitor banks are specified by C1, 
C2, and C3 for AWE1, AWE2 and AWE3 respectively. After adding the RPC to 
each AWE unit, the reactive power exchange is limited to the synchronous machine 
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and the shunt capacitor banks connected to the machine terminals, and it is not 
exchanged between the AWE units through the farm power network anymore.        
Fig. 4.24 demonstrates the farm reactive power exchange after adding the RPCs. As 
can be seen, when an AWE unit is in the recovery phase, the amount of the 
exchanged reactive power with the other generators has been decreased by 95%. For 
instance, when AWE1 is in the recovery phase (between t=96 and 120) the 
exchanged reactive power with AWE2 and AWE3 (except during the transient time 
of the phase transition) is 6.5kVAR approximately. During this period, the lagging 
reactive power is compensated by RPC2 and RPC3.  Similarly, when AWE2 and 
AWE3 operate in the recovery phase, the lagging reactive power is compensated by 
RPC1 and RPC3 for the AWE2 recovery phase, and RPC1 and RPC2 for the AWE3 
recovery phase. Also, the circulating reactive current is decreased significantly. Fig. 
4.25 shows the farm currents after the utilisation of RPCs. Compared to Fig. 4.9, the 
current exchange of the recovery phase AWE with the main bus has decreased from 
74A to 3.5A which is 95.27% reduction in the circulating current. This reactive 
power compensation can improve the capacity of the farm to provide more active 
power to the load/grid by reducing the circulating current inside the farm power 
network. Table 4.2 compares the average power factors of the AWE units before 
and after the use of RPCs. In this table, “+” indicates lagging power factor, and “-” 
represents a leading power factor. A significant improvement in the power factor 
can be seen by adding RPCs to the farm. For instance, without RPC, the average 
power factor of AWE1 during the recovery phase is 0.01 leading while with RPC, it 
is corrected to 0.83 lagging. This power factor improvement can be observed for 
AWE2 and AWE3 as well. The average power factor of AWE2 and AWE3 over the 
recovery phase has been improved from the weak value of 0.01 leading to 0.70 and 
0.72 lagging. Also, the average power factor of the power phase AWEs when one 





Fig. 4.23 AWE farm reactive power exchange without RPC 
 
Fig. 4.24 AWE farm reactive exchange with RPC active 
 




Fig. 4.26 AWE farm control diagram with RPC 
 
 
Fig. 4.27 Power circuit diagram of the farm with capacitor banks 
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Table 4.2 Average power factor of the AWE units with and without RPC 
Power phase Recovery 
phase 













AWE2, AWE3 AWE1 -0.01 +0.83 +0.95 +1 +0.94 +1 
AWE1, AWE3 AWE2 +0.94 +1 -0.01 +0.70 +0.95 +1 
AWE2, AWE1 AWE3 +0.94 +1 +0.95 +1 -0.01 0.72 
 
 
4.4 Discussion and Conclusion 
The performance of the direct interconnection technique under normal and fault 
conditions has been studied. The practicality of this technique for AWE systems has 
been considered and investigated via computer simulations. The results have shown that 
despite the highly oscillating torque from the wings and an uncontrollable magnetic 
field in PMSGs, with robust and accurate controllers this technique can be successfully 
deployed for non-reversing pumping mode AWE systems. AFCs control the frequency 
of the generators around the predefined operating frequency. However, due to the tether 
tension/drum torque fluctuations, it is not possible to achieve a flat frequency 
performance. The LSC has been designed and implemented to keep the load balance of 
the farm. Normal and fault condition studies have illustrated the importance of this 
controller to avoid overload with related consequences. The LSC measures and 
compares the generated current of each generator and the total bus current to maintain 
load balance. With an LSC included in the farm control system, the generators give an 
equal contribution to the load demand, and even when a unit is in the recovery phase, 
the generated power from the other generators increases equally in response to the 
power shortage.  
Different fault conditions including power blackouts, delay in the operation phase 
transition and various controller failures have been examined. It has been shown that a 
power blackout and delay in the operating phase transition can cause severe fluctuations 
in frequency and current. Failure in ASCs and consequently an out of step 
synchronisation results in a harmful transient torque. Faulty AFC and LSC can impact 
generators with significant frequency drops and overcurrents. The fault studies in this 
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chapter show the need for future research in designing a comprehensive protection 
system for AWE farms. In this regard, additional thorough analysis of probable fault 
conditions is required, and the results should be used to design a reliable, fast and robust 
protection system.  
Pumping mode AWE systems present a unique dynamic by switching between the 
power phase and the recovery phase. In the direct interconnection technique applied to 
the AWEs, while a generator is in the recovery phase, it is still electrically 
interconnected with the bus and operates as an unloaded synchronous machine. This 
unloaded synchronous machine needs reactive power exchange to stay synchronised 
with the bus and other generators. The analysis of the directly interconnected AWE 
systems in this chapter has shown that the quality of the generated power by the direct 
interconnection technique needed considerable improvement. It has been shown that the 
size of the exchanged reactive power between the recovery phase AWE and the power 
phase AWEs is more than 130kvar, almost equal to the generated active power during 
the power phase. This reactive power exchange is high and can change the power factor 
of the corresponding machine to 0.01 capacitive (leading). The reactive power exchange 
can cause significant problems for real AWE farms, and it would be even worse when 
they are supplying an inductive-resistive load. If not compensated for, the reactive 
current could limit to a significant extent the farm transmission capacity. Also, it 
increases the ohmic power losses in the farm internal power network. Further, this 
reactive power exchange can cause devastating voltage fluctuations. Accordingly, a 
reactive power control strategy is necessary for the implementation of the direct 
interconnection technique for AWE systems with PMSG machines.  
Reactive power controllers (RPC) have been developed and implemented for each 
AWE unit to control the reactive power exchange. The reactive power exchange before 
and after adding RPCs have been compared. The simulation results have shown the 
reactive power exchange between the AWE systems with the use of RPCs has 
decreased considerably. Also, the amount of circulating current between the AWE units 
has decreased by more than 95%, and average power factors of the AWE units have 
improved. In this research work, an individual capacitor bank is considered for each 
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unit for the reactive power compensation. This approach can be expensive for a large 
AWE farm with many generation units. For a big farm, the generators with a reasonably 
close distance to each other can be classified as a cluster with one capacitor bank held in 
common. The reasonable close distance can be considered as the distance that the cost 
of extra cabling between the generators and the common capacitor bank is less than the 
cost for installing an individual capacitor bank for each generator. There are other 
approaches that could be investigated for control of reactive power. Instead of using 
capacitor banks, reactive power of a synchronous condenser can also be affected with 
control of magnetic field – this would require consideration of EESG as an alternative 
to PMSGs or possibly addition of field windings along with the permanent magnets. 
Final decision would relate to cost and effectiveness of alternatives.      
Controlling the active and reactive power is a critical factor for improving the reliability 
and efficiency of offshore airborne wind energy systems. It can increase the system 
efficiency by decreasing the amount of circulating current and power losses inside the 
farm and avoid many of the unpredicted system break-downs and power shortages. This 
research has achieved a notable improvement in the power quality of the directly 
interconnected AWE systems by the design and implementation of appropriate active 
and reactive power controllers. However, due to the variable mechanical power input 
from the AWE kites, this power still requires onshore power electronic converters (back 
to back converters) prior to integration with the power grid or load. 
Regulating the mechanical torque is a critical part of the direct interconnection 
technique. Torque control can be achieved by either the flight controller or a variable 
torque drive/gearbox. Using a gearbox significantly increases the system cost, 
complexity and repair and maintenance expenses. Also, a gearbox can reduce system 
efficiency by 10% at least. Considering the high expense of offshore operations, use of 
a variable torque drive/gearbox is not considered a cost-effective solution for the torque 
regulation. Regulating the torque through the flight controller is a more economical 
approach although it certainly increases the demands on and possibly complexity of the 
flight control system. Depending on the command signals from the power or frequency 
controller, the flight controller regulates the tether tension/drum torque by manipulating 
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the kite angle of attack and airspeed, through the regulation of the kite trajectory (figure 
of eight pattern) within the wind field. This chapter examined the direct interconnection 
technique inside an AWE farm under normal and fault conditions. The simulation 
results show this technique is feasible for AWE systems. However, further studies are 











































































































Chapter 5 Discussion, Contributions and 
Future Work  
5.1   Research summary and discussion 
The thesis has focused on the development of the direct interconnection technique 
(DIT) for airborne wind energy (AWE) systems. DIT can make a significant 
improvement in the reliability and the economy of the offshore renewable energy 
systems by the relocation of the costly power electronic converters from a marine site to 
the onshore substation. The research covers experimental and computer simulation 
approaches to investigate the practicality and efficiency of DIT for AWE systems. 
Considering the wide diversity of the technologies in the field of airborne wind energy 
systems, pumping mode AWE systems have been chosen as the focus of this research 
work; as they are the chosen development path of many of the AWE startups and are 
closest to commercialisation for the energy market. The research work presented in this 
thesis can be summarised as follows: 
 Chapter 2 has presented a literature review and an investigation of the history 
and diversity of AWE technology in academia and industry. Further, a review on 
power transmission and interconnection technologies for offshore wind energy 
systems including HVDC and HVAC systems has been accomplished. The 
review identifies that despite the benefits presented by HVDC, HVAC is still the 
most applicable technology as it is still a well-established and economical 
technology for marine renewable energy systems with a distance under 50 km 
from the coast. Based on the analysis from different research reviewed in this 
chapter, the offshore based power electronic converters have been recognised as 
a significant source of failure negatively affecting the reliability and economy of 
the HVAC power transmission systems for offshore wind energy. Accordingly, 
this resulted in research to investigate DIT as a solution to the challenges caused 
by offshore power electronic converters for marine AWE systems. 
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Moreover, different wind energy generators have been reviewed, and an overall 
assessment of the pros and cons of each technology for offshore wind power 
generation has been carried out. The review shows the rapid popularity growth 
of permanent magnet synchronous generators (PMSG) among the conventional 
wind turbine and airborne wind energy developers leading to the focus on this 
generator technology in this thesis. This chapter ends with a review of several 
approaches for synchronising generators with the power grid.  
  Chapter 3 reports the experimental research on DIT for AWE systems. A 
laboratory hardware setup has been developed to investigate the practicality and 
performance of the direct interconnection technique for AWE systems. The test 
rig has been equipped with three PMSGs directly coupled to induction motors as 
the prime movers emulating the tethered kite manoeuvre and the cyclical 
pumping operation of the AWE systems. Also, a control and data acquisition 
system equipped with variable frequency drives and CompactRIO FPGA unit 
along with sensors and breakers has been developed for the hardware setup. An 
automatic DIT algorithm has been designed and examined through the 
emulation rig. Preliminary tests have proved the feasibility of the direct 
interconnection technique for AWE systems although a poor load balance 
between the generators was evident. Further, the tests have shown that the 
transmission between the AWE cyclical operational phases can cause harmful 
oscillations in the main bus electrical properties such as frequency, voltage and 
power. By developing and implementing a load sharing controller, poor load 
balance has been improved, and a significant relief in the oscillations caused by 
operational phase transmission has been achieved.  
 Chapter 4 deals with computer simulations where investigation with more 
flexibility and risk is possible. The simulation model is an AWE farm with 
larger generators compared to the experimental rig. The interaction and 
performance of the directly interconnected generators under normal and fault 
conditions has been investigated. The quality of the generated power has also 
been studied. The study has shown a poor quality for the generated power as the 
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result of large reactive power exchange between the recovery phase generator 
and the power phase generators. The reactive power exchange significantly 
reduces the power transmission capacity of the energy farm. Also, it increases 
the power losses in the energy farm’s internal power network through the 
considerable circulating current between the generators caused by reactive 
power exchange. Reactive power controllers have been developed to deal with 
this problem. The RPC test results show a significant improvement in the quality 
of the power generated by the directly interconnected generators. With RPC 
active, the reactive power exchanging is conducted between the generator and its 
local capacitor bank rather than between the generator and the other distant 
interconnected AWE units resulting in significantly reduced circulating current 
between AWE units due to reactive power exchange. The installation of a 
capacitor bank for each generator may increase the cost of the AWE unit. 
However, considering the poor quality of the generated power without RPC, it is 
essential as a solution for reactive power control without introducing power 
electronic devices offshore. An alternative topology of a shared RPC system can 
be considered for several generators to decrease the cost of the reactive power 
control system. However, this solution needs extra cabling between the 
generators and the shared capacitor bank. For the generators located close 
enough to each other sharing a capacitor bank with extra cabling may be more 
economical than installing a single capacitor bank for each one so that AWE 
generators can be grouped to several clusters with a reactive power controller in 
common.     
As discussed in chapter 1, Ireland has a great potential for marine wind energy. 
Offshore wind is regarded as the number one renewable technology solution in an Irish 
context since it has a high potential generation capacity with greater consistency 
without a land requirement for installation. It is also significantly more mature than any 
other marine renewable technology. Airborne wind energy can be considered as an ideal 
technology for offshore wind energy as it needs fewer construction works and civil 
structures compared to the conventional wind turbines. However many challenges for 
AWE remain to be resolved. The implementation of the DIT is anticipated to be 
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positively effective in improving the reliability and economy of offshore AWE systems. 
It is believed the contributions of chapter three and chapter four prove the technical 
feasibility of the direct interconnection technique for AWE system. In addition, the 
developed algorithms and control strategies in this thesis provide a model for the 
efficient implementation of DIT for AWE systems with the aim of achieving reliable 
and continuous power generation with minimum fluctuations in electrical parameters 
such as frequency, current and voltage. 
5.2 Contributions 
This research work has made contributions in the area of developing the direct 
interconnection technique for pumping mode airborne wind energy systems to achieve a 
reliable and cost-effective source of renewable power. The main objective of the 
research has been to examine the practicality of the direct interconnection technique for 
AWE systems. An algorithm and a comprehensive control strategy have been developed 
for the implementation of the DIT for pumping mode AWE devices, and the 
performance of the directly interconnected generators in different operating conditions 
has been investigated. Poor quality of the generated power has been identified, and 
proper controllers have been developed to deal with it. A summarized list of 
contribution is provided in the following: 
1- The development of a laboratory hardware setup for the emulation of a small 
AWE energy farm. 
The primary aim of this research activity has been to identify whether the direct 
interconnection technique is feasible to implement for pumping mode airborne wind 
energy systems. In this respect, a laboratory hardware setup has been designed and 
implemented. The setup is capable of emulating a small-scale AWE farm with three 
generation units. Three induction motors perform as prime movers of three multi-pole 
permanent magnet synchronous generators. Variable frequency drives control the prime 
movers to emulate the torque and speed profile of the tethered kite for the generators. A 
CompactRIO FPGA unit acts as a central control system for control and data 
acquisition. The test rig has been used for several trials to develop and examine a direct 
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interconnection algorithm and control strategy for AWE systems. However, the test rig 
has been developed to emulate AWE systems, it also can emulate other types of 
renewable energy devices using PMSG power take-off. Furthermore, the rig setup can 
be used as a lab demonstrator setup for tutorial purposes and for further research. 
2. Experimental study of the direct interconnection technique for AWE generators 
This thesis reports the first experimental investigation of the direct interconnection 
technique for airborne wind energy systems. Different algorithms and control strategies 
have been designed and examined. The Direct interconnection technique (DIT) for 
AWE systems must tackle two main challenges, the highly fluctuating input torque of 
generators and the discontinuous performance of pumping mode AWE systems. A DIT 
algorithm has been designed and implemented. As shown in chapter three, the algorithm 
begins with the synchronisation process. An automatic synchronisation controller 
(ASC) has been developed to perform the synchronisation process. The ASC in 
conjunction with automatic frequency controller (AFC) performs the synchronisation 
and once the synchronisation criteria are met the ASC operates the associated breaker to 
interconnect the corresponding AWE unit with the main bus. After interconnection, the 
AFC is in charge of controlling the generator frequency in an acceptable range around 
the operating frequency of the farm. Experimental DIT tests have proved the feasibility 
of the direct interconnection technique although they have specified two critical weak 
points for the operation of the directly interconnected generators. First, the directly 
interconnected generators show a poor load balance mainly when an interconnected 
AWE system is in the recovery phase. Second, significant temporary fluctuations in the 
main bus electrical parameters have been observed every time that an interconnected 
generator switches between the operational phases. To tackle these two problems a load 
sharing controller (LSC) has been developed. The trials with the LSC have shown an 
appropriate load balance between the generators. Also, a significant improvement in the 
temporary electrical fluctuations has been achieved with the LSC active. Despite the 
improvements, the generated power and frequency are unsuitable for connection to the 




3. Performance of the direct interconnection technique for large-scale generators.  
To study the operation of the direct interconnection technique for generators larger than 
the experimental study generators, a computer simulation model has been developed. 
The model consists of three pumping mode AWE systems with the maximum nominal 
power of 800kW. A 20km underwater power transmission line has been modelled to 
dispatch the generated power to shore. A three-phase variable resistive load is located at 
the shore to sink the power generated by the directly interconnected generators. Real 
specifications are used to model the generators and the power lines. The direct 
interconnection technique has been examined in the computer simulation model, and the 
interaction of the generators under normal and fault conditions has been studied. The 
fault condition studies have explored different fault scenarios to see the interaction of 
the generators under the fault conditions and how intensive is each fault effect on the 
operation of the AWE devices. Such fault study is critical to design a fast and robust 
protection system for the directly interconnected generators in future.     
4. Power quality investigation and improvement for the directly interconnected 
AWE generators  
A power quality study has been carried out for the directly interconnected generators. 
The study shows a poor power quality, especially when an interconnected generator 
operates in the recovery phase. As mentioned before in chapter three and four, the 
recovery phase permanent magnet generator operates as an unloaded synchronous 
motor to stay synchronised with the main bus. The idle synchronous motor exchanges a 
significant amount of reactive power with the main bus to keep its synchronism. The 
reactive power exchange results in a significant circulating current between the AWE 
generators increasing the power losses inside the farm power network and limiting the 
capacity of the generators to inject active power to the main bus. A reactive power 
compensator has been developed to deal with the recognized substandard power quality. 
The reactive power compensator utilises capacitor banks parallel to the terminals of 
each generator. If the RPC senses any power exchange between a generator and the 
main bus it tries to supply the required reactive power for the reactive power exchange 
through the generators capacitor banks instead of the main bus. The performance of the 
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RPC has been examined in the computer simulation model with satisfying results. A 
substantial reduction in the circulating reactive power between the generators has been 
realized resulting in an improved power quality for the directly interconnected 
generators of the AWE farm. 
5.3 Suggestions for future work 
The research proposed in this thesis has focused on the direct interconnection of AWE 
devices inside an energy farm. Technical feasibility of the direct interconnection 
technique has been established for airborne wind energy systems, and different 
challenges have been addressed to develop a reliable and efficient direct interconnection 
approach for these AWE systems. According to the experiences achieved in this 
research, the following topics are proposed for future work: 
 In the next stage of this research, the integration of the directly interconnected 
generators with grid must be investigated to study the interaction of AWE 
devices with grid and with the grid’s variable load. A grid integration study will 
also be helpful to understand how intensive grid events can affect the 
performance of the directly interconnected AWE generators. In this regard, the 
laboratory hardware setup should be equipped with new equipment such as a 
grid emulator unit and a back to back power electronic converter for connection 
of the offshore farm to the emulated grid.   
 Power quality of the directly interconnected generators must be investigated in 
compliance with the grid codes. The power quality study performed in this 
research shows despite all the improvements, the generated power is still 
unsuitable for grid integration. This challenge must be investigated to achieve 
smooth power and frequency profiles compliant with the grid codes. The use of 
power electronic systems such as FACTS can be suggested to tackle the power 
quality challenge for grid integration. 
 The direct interconnection technique requires a comprehensive and robust 
protection system to be safe from possible failures and grid events. Without such 
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a protection system, the directly interconnected AWE systems are highly 
vulnerable to grid events. A fault study carried out in this research shows the 
effect of possible internal faults on the performance of the AWE generators. 
This should be extended to include study of faults within the AWE prime mover 
sub systems, faults on the grid and on the grid interconnect power converters 
side. The results of this extended study must be considered for the 
comprehensive design of AWE electrical protection systems. 
 The flight controller performance is critical for the direct interconnection 
technique. Due to the uncontrollable excitation field in PMSGs, the input torque 
regulation is the only way to control the frequency and power of the generator 
for the direct interconnection technique. Controlling the fight controller is the 
best approach to regulate the mechanical torque although it may increase the 
complexity of the flight control process. Furthermore, the capability of the flight 
controller to remove the mechanical torque oscillations is significantly helpful 
for the performance of the AWE generators. Considering the lack of recorded 
experimental data, at the moment it is still not clear to what extent the flight 
controller can cooperate with the DIT controllers to regulate the input power 
with minimum fluctuations in the generator’s mechanical torque. For future 
work, collaboration with researchers who develop flight controllers for AWE 
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Appendix A: Laboratory rig design 
 



































Appendix B: LabVIEW code 
 
 












Fig. B.3 FPGA code for current measurement 
 




Fig. B.5 FPGA code for the estimation of generators revolution time (used in real-time 












































                   Fig. B.12 Code for load sharing controller in real-time program 
 
                   Fig. B.13 Code for TDMS data-logging in real-time program 
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Appendix C: Computer simulation code  
 









































Fig. C.8 Main load for sinking the generated power by generators 
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Direct interconnection is a novel technique for interconnecting offshore airborne wind energy (AWE)
generators which facilitates the removal of power converters from the offshore generation site. In this
technique, unlike the conventional approach, all generators are interconnected directly and after dis-
patching the generated power to shore, a back to back converter or several paralleled back to back
converters change the generated power to grid-compliant power. Considering that the high expenses of
offshore operations for back to back converter repair and maintenance and the higher accessibility of
shore-side back to back converters, this technique can improve the reliability and economy of the energy
generation system. This research aims to implement and study the practicality and reliability of the direct
interconnection approach for offshore non-reversing pumping mode airborne wind energy generator
systems. The interaction of direct interconnected AWEs in normal and fault conditions is investigated,
and synchronisation, frequency control and load sharing control of the AWE farm are examined and
discussed.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Wind energy is the most common type of renewable energy for
electrical power production after hydropower [1]. It has seen the
biggest absolute increase in non-hydro renewable energy output,
and it is anticipated that its share in total worldwide electricity
generation rises to 4.5% by 2030 [1]. In 2015 alone, wind power
installation reached 63 GW which represents a 22% increase in just
one year [2]. In 2016, more than 54 GW wind power has been
installed which has raised the total global installed capacity to
486.8 GW [3]. Despite the rapid development, wind energy is still
expensive. According to International Energy Agency report in
2014, most wind energy projects encounter financing problems. In
the US the number of wind power component factories fell from
550 to 500 in 2013. In China the number of wind turbine manu-
facturers reduced from over 80 in 2009 to about 30 in 2014 and in
Europe because of the long economic recession, many manufac-
turers are considering moving abroad [4] Global Status Report).
Researchers are looking for solutions to reduce the total cost of
wind energy systems by improving power production through the. Salari), joseph.coleman@ul.
Ltd. This is an open access article uincrease of turbine height or improving subsystems such as blade
design, gearbox, back to back converters, energy storage systems,
and power systems for power dispatching and grid interconnec-
tion. New studies are showing that the amount of electrical power
which is possible to be generated by wind turbines is much less
than what was predicted previously [5e7]. Today, we know that in
large wind farms the installed wind turbines decrease the wind
speed and consequently, they generate less electrical energy than
what was anticipated [5e7]. In 2011, the predicted total electrical
energy from wind was 18e68 TW while studies in 2013 and 2014
have shown 20 TW or even less [5e7]. Airborne wind energy
technology could prove helpful in increasing the amount of
generated power from wind. In comparison with conventional
wind turbines, airborne wind energy systems can reach the
stronger and more consistent winds at higher altitudes with less
technical and economic limitations. For instance, in Ireland, the
analysis of weather data in five geographical sites shows 30% and
45%wind speed increase at altitudes between 100m and 750m [8].
Through this analysis, a capacity factor of 52.2% is estimated for a
pumping mode airborne wind energy device located at these sites
while the average wind turbine capacity factor in Ireland is 29.3%
[9]. Nowadays, focus on offshore wind energy systems is increasing
due to more consistent and stronger winds [10], and more space
availability in offshore sites [11]. However, the need for a massive
submerged infrastructure limits the installation of marine windnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
M.E. Salari et al. / Renewable Energy 131 (2019) 284e296 285turbines [10,12]. Elimination of mechanical and civil infrastructures
such as turbine and tower in AWE systems have made them
significantly ideal lightweight devices to be used as floating wind
energy systems for offshore wind energy generation with mini-
mum submerged foundation [12]. Power transmission and the
Interconnection of offshore AWE generators is the focus of this
paper. Conventional interconnection and power transmission
methods can be classified to high voltage AC (HVAC) and high
voltage DC (HVDC) systems. HVDC systems are more efficient for
interconnection and power transmission due to fewer power losses
and absence of reactive power [13]. However, HVAC systems are
still the most popular and usable transmission systems as they are
more cost-effective and well-established technology for electrical
power transmission [13]. These days the use of power electronic
converters in HVACwind energy systems is widespread particularly
for the gearless, direct-driven wind energy systems. In direct-
driven wind turbines with permanent magnet synchronous gen-
erators, fully rated power electronic converters are used for the
interconnection and grid codes compliance process [14]. The
implementation of power electronic converters leads to new
challenges for the economy and reliability of the offshore wind
energy systems. Power electronic converters are both very expen-
sive and sensitive devices and they possess a high rate of failure
among the wind turbine components [15,16], and therefore they
negatively affect the reliability of renewable energy systems by
increasing system breakdown rate. The reliability problem is more
crucial for offshore generators as the accessibility of the offshore
installed power converters is low, and operators must wait for
weather windows to conduct repair and maintenance [17,18]. Also,
high expenses of marine operations for the repair andmaintenance
of the converters is another problem caused by the high failure rate
of power electronic converters affecting the economy of marine
energy devices [18].
This paper tries to examine a novel promising HVAC intercon-
nection technique for offshore AWE systems. In this paper, an
offshore Airborne Wind Energy (AWE) farm is modelled and
simulated. The offshore farm consists of three non-reversing
pumping mode airborne wind energy systems which are utilised
with permanent magnet synchronous generators. A direct inter-
connection technique (DIT) is implemented and analysed as a new
approach for interconnecting the generators and dispatching the
generated power to the load. In this technique, generators are
interconnected directly to each other without any back to back
converter. After transmitting the generated power to shore, a back
to back converter or several paralleled converters transform the
power from the combined farm to comply with grid codes for grid
interconnection. No need to perform costly offshore operations for
repair and maintenance of back to back converters and the ease of
accessibility to the on-shore back to back converters is anticipated
to lead to a significant improvement in the economy and reliability
of offshore renewable energy systems [18e21]. The operation and
interaction of the generators under normal condition during syn-
chronisation and operational phase transformation are investi-
gated. Considering the highly variable input mechanical torque
from AWE wings, the synchronisation and frequency control of the
generators before and after synchronisation can be a serious en-
gineering challenge in dealing with the implementation of the
direct interconnection technique for AWE systems. Hence, robust,
fast and reliable synchronisers and frequency controllers are
required. In addition, to control the generated power of each
generator after synchronisation, use of a load sharing controller is
necessary. For every unit, an Automatic Frequency Controller (AFC)
and an Automatic Synchronisation Controller (ASC) are designed
and implemented. Once an AWE unit starts to operate AFC controls
the frequency until it is equal to the main bus frequency, then ASCchecks the pre-defined synchronisation criteria through the syn-
chronisation algorithm, and once a unit is ready for synchronisa-
tion, it sends the interconnection command to the breakers. After
the synchronisation of each unit with the main bus, the load
sharing controller (LSC) checks the output power of each generator
to make sure that the load is divided equally between the gener-
ation units. In the event of any load imbalance between the AWEs,
the LSCs send command signals to the kite flight controllers to
balance the load by regulating the mechanical tension in the kite
tether and torque on the ground-based winch drum from the kites.
Offshore wind energy systems offer poor reliability due to envi-
ronmental and technical constraints compared to on-land wind
turbines [22]. In order to improve reliability, extra controllers and
protection systems are necessary although additional controllers
themselves can be a source of problems for the stability of
renewable energy systems. For example, as mentioned before, the
use of power electronic converters for controlling the generated
power by wind turbines could increase the risk of a fault in wind
energy systems due to their high rate of failure and sensitivity to
over currents [15,16]. A fault study is necessary to examine the
consequences of probable faults and to improve the system reli-
ability by designing a protection system to avoid or reduce the
impact of fault conditions. Further, the novelty of the DIT for AWE
systems necessitates a fault study to investigate the performance of
the directly interconnected generators under different fault con-
ditions. The fault study conducted in this paper consists of three
fault scenarios.
The first scenario is an unpredicted power outage due to failure
in an interconnected generation unit. This fault can have a
destructive effect on the system and other generators by imposing a
fast load increase on other AWEs. The unpredicted power outage is
a highly probable failure as it is the straightforward effect of a fault
in the generator with a significant downtime rate of 37% [23]. The
second scenario is the delay in a unit transmission from recovery
mode to power mode. Due to any failure in the mechanical system
between the generator and the wing or wind speed changes, such a
fault may not be uncommon. Since this fault can happen regularly,
sometimes it is considered as an out of nominal operation condi-
tion rather than an emergency fault. The third fault scenario is a
failure in the operation of DIT controllers, AFC, LSC and ASC. Since
the performance of DIT is highly dependent on the appropriate
operation of these controllers, it is essential to examine the effect of
faulty controllers on the performance of the directly interconnected
generators. The focus of the fault study is on the ground station
although some investigated fault scenarios may sometimes happen
as the result of a failure in the kite control system. For instance, the
unpredicted power outage of a directly interconnected generator or
the delay in transmission between the operational phases can occur
as the consequences of a fault or imperfect control in the tethered
wing control system. At the moment, a detailed study of the effect
of an improper flight controller is extremely challenging due to the
lack of data and appropriate predictive models. The fault study is
critical to study how any failure affects the performance of con-
trollers, AWEs, and energy farm power network. The fault study
could be beneficial for designing a protection system to improve
the reliability of the system in the future.
2. Airborne wind energy
Airborne wind energy is a new technology to harness winds at
higher altitudes which are stronger and more consistent. AWE
systems concepts variously employ tethered gliders, kites or wing
mounted horizontal axis turbines, tethered to a ground station.
Since the first airborne wind energy study in 1930 [24], several
airborne wind energy systems have been introduced for generating
Fig. 2. Non-reversing pumping mode airborne wind energy system [21].
M.E. Salari et al. / Renewable Energy 131 (2019) 284e296286electricity from winds at higher altitudes. Pumping mode airborne
wind energy systems are the most common AWE systems which
have been developed by researchers and engineers in different
universities and companies. A conceptual drawing of a pumping
mode AWE system is shown in Fig. 1. In this system, a kite or glider
is tethered to a ground station which consists of a tether drum
coupled to a generator which generates electrical energy. The
operation of this system has two phases, a power haul out phase
and a kite recovery phase. The combined cycle is called a pumping
mode cycle. A tethered kite or glider is the prime mover of the
system and produces lift and hence tether tension from cross-wind
flight motion. The kite flight trajectory and the lift force are
controlled by a flight control system tethered to the ground station.
During the power phase, mechanical power is delivered to the
power take-off system. When the kite arrives to the programmed
maximum tether length, the operation is switched to the recovery
phase. During this phase, the kite should be recovered to the initial
tether length. In the recovery phase, the tether drum (and gener-
ator in most experimental designs) are reversed (driving the
generator as a motor) to recover the tether. To decrease the power
consumption during this phase, the flight controller tries to mini-
mise lift configuration by stopping cross wind maneuvers and
altering the wing profile.
Reversing the generator creates difficulty for utility-scale grid
interconnection due to inefficiencies of stopping a large generator
and reversing the system as a motor. The process of reversing a
generator needs advanced power electronic converters to perform
the four-quadrant operation for braking, stopping and reversing in
each cycle of operation which increases the cost and complexity of
the system. Furthermore, the reversing process introduces full-
scale power electronics converters at each unit which are a
known high failure component [15,18]. Non-reversing pumping
mode AWE systems have been initially developed at the University
of Limerick, Ireland [19e21]. In this type of pumping mode AWE
system, mechanical power is delivered to the power take-off sys-
tem by an overrunning clutch. This clutch is on the generator side of
the tether drum and thus bypasses the generator during the re-
covery phase, allowing tether drum reversal powered by a separate
fractional scale electrical motor without reversal of the generator.
The non-reversing pumping mode airborne wind energy system is
illustrated in Fig. 2. Furthermore, a variation on the concept of using
a separate motor and generator for the recovery phase and power
phase has also been considered by the researchers at TU Delft [25].
In several universities and companies, airborne wind energy is
under investigation [40e48]. So far, different types of airborne
wind energy systems for harvesting the winds in higher altitudes
have been introduced. For more information about AWE technol-
ogy developers see Cherubini et al. [26] and Salari et al. [27].   (a)                                          (b)
Fig. 1. Pumping mode airborne wind energy system, soft wing (a), rigid wing (b).3. Direct interconnection of offshore airborne wind energy
systems
The direct interconnection method for conventional wind tur-
bines has been introduced by Pican in 2011 [18]. This technique is a
new approach to dispatch the generated power to the grid with less
intermediate power electronic devices which is especially appli-
cable for offshore energy devices. According to [15], power elec-
tronic devices give rise to the third highest rate of failures among
the wind turbine subassemblies. This high rate of failure increases
the overall cost of the system and power production, and by
considering the high expenses of offshore operations and weather
window limitations for offshore energy devices, this cost is even
greater. The conventional and direct interconnection approaches
for integration of wind generators are illustrated in Fig. 3. In the
conventional approach, Fig. 3 (a) the output power of each wind
generator is changed to DC within a power converter and is con-
verted back to gird compliant AC. Generated power is then dis-
patched to the on-shore station using submarine power cables.
Owing to the high expenses of offshore operations, this method-
ology is very expensive from the maintenance, repair and avail-
ability perspective. In the direct interconnection approach as
shown in Fig. 3 (b) the power converters are removed from the
offshore environment, and all of the units are electrically inter-
connected to each other directly via breakers. Generated power is
transmitted to shore through an underwater power line. The back
to back power converter(s) installed at the onshore station is used
to adjust frequency and voltage for interconnection with the grid.
The relocation of the power converter from the harsh marine
environment eases servicing without vessel deployments and
weather window delays [28].
Managing generator synchronisation and kite torque control are
significant challenges in dealing with the direct interconnection of
airborne wind energy devices. The AWE devices in this paper use
permanent magnet synchronous generators. DIT algorithm is
explained in Fig. 4. After launching the synchronisation process, to
interconnect an offline unit to the main bus, at first the synchron-
iser system compares the frequency of the offline unit with the
main bus frequency. If they are not equal, the synchroniser sends a
signal to the kite control system through the AFC to change the
tether speed in order to change the electrical frequency. The kite
(a)
(b)
Fig. 3. Interconnection of offshore AWEs, conventional approach (a), direct intercon-
nection approach (b).
Fig. 4. Direct interconnection flow chart.
Fig. 5. The modelled offshore AWE farm.
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wind turbines. This controller seeks to control the input power and
torque of the AWE system by changing the crosswind manoeuvres
and the lift profile of the kite. Proper collaboration between the kite
controller and other controllers is critical for the implementation of
DIT. In this research work, it is assumed that the kite controller
operates in an ideal way although in real condition wind speed
fluctuations and wind gusts can disrupt the ideal performance of
the kite control system. Once the frequencies are equal, thesynchroniser goes to the next stage, checking the amplitude and
phase of the unit’s voltage. After finding voltage phase and
amplitude compliant with the main bus, the synchroniser system
sends an operation signal to the unit’s circuit breaker (CB) to
interconnect it with the main bus. The load sharing controller
checks the output power of the generators to make sure that the
load is divided equally between them and that they are generating
the same amount of power. If there is a power imbalance between
the generators, it sends a signal to the kite controller to regulate the
input tension/drum torque from the kites. The output signal of each
controller is limited by rate limiters to avoid rapid changes in tor-
que which can be harmful to the kite, tether and other mechanical
subsystems.4. Modeling and simulation
The offshore farm model used in this analysis is illustrated in
Fig. 5. This system consists of three non-reversing pumping mode
AWE units. Regarding the discontinuous operation of pumping
mode AWE systems, three is the minimum number of AWE systems
to achieve a continuous power when a proper delay between the
operations is applied. Each unit utilises permanent magnet syn-
chronous generators (PMSG) to produce electrical energy. The first
unit is considered as a reference for synchronisation. Each unit
feeds an individual 10U dump load (DL) while reaching synchro-
nisation criteria and after synchronisation joins the farm main bus
feeding the 3.75U main load (ML). Table 1 shows the specifications
of the offshore airborne wind energy farm. In order to simulate the
generator, characteristics of a real wind energy PMSG generator
JSPM J-48 are used [29]. Also for the underwater transmission
system, the specifications of ABB 10e90 kV XLPE three-core subsea
cable are employed in the simulation model. For each unit, the
power phase and recovery phase duration are 80 and 20 s respec-
tively. To reach continuous power at the output of the farm, a 25 s
delay is considered for the start of each AWE unit. Simulation is
performed using Matlab/Simulink Simscape Power Systems soft-
ware. As mentioned, the farm is monitored by a load sharing
controller (LSC) to keep the load balance between the generation
units. The control diagram of the AWE farm is illustrated in Fig. 6.
The load sharing operation is very important for the proper per-
formance of the interconnected generators. Given that the gener-
ators are similar, they ideally should generate the same amount of
power after interconnection. Otherwise, according to the Millman
theorem, the paralleled generators have a natural tendency to
remain synchronised, but any load imbalance can cause large cur-




PMSG rated frequency (Hz) 18.6
PMSG rated power (kW) 800
PMSG flux linkage (Wb) 6.86
PMSG stator resistance (mU) 47
PMSG number of pole pairs 45
Dump loads resistance (U) 10
Main load resistance (U) 3.75
AWE period (s) 100
AWE duty cycle (%) 80
AWE cycle phase delay (s) 25
Transmission line inductance (mH/km) 0.39
Transmission line capacitance (mF/km) 0.34
Fig. 6. Control diagram of the AWE farm.
Fig. 7. Kite torque profile.
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The differential equation governing the system speed is given by
Ref. [21]:




Where Te is the generator electromagnetic torque, B is the com-
bined viscous friction coefficient of the generator rotor and drive, Tf
is the drive friction torque, and J is the combined inertia of the
generator and drivetrain. The speed of the tether drum is related to
the tether speed by (2).
Vt ¼ r  ud (2)
Where ud is the angular velocity of the tether drum and r is the
radius of the tether drum. The mechanical torque produced on the
tether drum due to tether force is calculated by:
Tm ¼ Ft  r (3)
Where Ft is the tether force, and it is described in Ref. [31]. Since the
tether drum is connected directly to the generator the velocity of
the generator rotor is equal to the drum velocity:
ud ¼ ur (4)
The reciprocal operation of pumping mode AWE systems has
two phases of operation, the power (pumping) phase and the re-
covery phase. Therefore, the operation period of an AWE system is
specified by the sum of the power phase duration and recovery
phase duration. The ratio of the power phase period to the opera-
tion period of an AWE cycle is defined as the duty cycle of that AWEsystem. The produced torque by thewing can be defined as the sum
of constant and oscillating components. The delivered torque to the
generator by the kite and tether during the power phase period is
considered as a constant torque with two fluctuating components
added to it; a sinusoidal torque and a band limited white noise
toque. The sinusoidal component is the torque from the periodic
manoeuvre of the wing in the figure of eights, and the white noise
torque represents the wind turbulences. The provided torque for
the generator is demonstrated in Fig. 7. With respect to the lack of
large datasets from AWE kite test results, it is difficult to model the
torque from the kite accurately. However, according to the pre-
sented results in Refs. [21,32e35] the represented torque in Fig. 7
can be considered similar to the torque profile in experimental
systems.4.2. Permanent magnet synchronous generator model
It is considered that PMSG is a round rotor machine. The elec-
tromagnetic force of generator is defined in the rotor d-q reference
frame as [18]:
Te ¼ 32np  jPM  isq (5)
Where np is the number of pole pairs, jPM is the flux linkage pro-
duced by the magnets and isq is the stator current in the d-q
reference frame. The induced internal voltage in the stator wind-
ings of the PMSG is given by (6).
jEj ¼ 2p  fe  jPM (6)
In (6) fe is the electrical frequency and is related to rotor velocity
by (7).
fe ¼ ur  np2p (7)
The stator voltage in the d-q frame is given by (8) and (9).
Fig. 8. Frequency of generators.








Where usd and usq are the stator terminal voltages, Rs is the stator
resistance, isd and isq are the stator currents in the d-q frame. The
induced flux linkages in the stator can be calculated by (10) and
(11).
jsd ¼ Ldisd þ jPM (10)
jsq ¼ Lqisq (11)
Where Ld and Lq are the stator inductances. The active and reactive












Three non-reversing pumping mode AWE systems have formed
an airborne wind energy farm. In the beginning, AWE1 starts to
operate. After the startup, the synchroniser triggers the PID fre-
quency controller to set the frequency to the operating frequency of
18.6 Hz. The operating frequency is calculated by considering the
wind speed and nominal speed of the generators, and it must be
within the operational frequency range. After reaching the fre-
quency set point, synchronisers consider AWE1 as the reference for
synchronisation. Since each AWE unit operates for 20 s in the re-
covery phase, AWE2 is enabled with 25 s delay. The sequenced
delay in operation enables continuous power generation after
interconnection of all units to the main bus. This sequenced delay
must be longer than the system recovery phase duration in order to
achieve the maximum possible continuous power output on the
main bus when an interconnected system is in the recovery phase.
Following the start of AWE2, the PID frequency controller starts to
operate and controls the frequency of AWE2 by regulating the
incoming mechanical torque from wing and tether in conjunctionwith the kite controller. Meanwhile, the synchroniser checks the
unit frequency, voltage amplitude and voltage angle for synchro-
nisation and in the instance of any difference between the unit
frequency and the main bus frequency it sends command signals to
the frequency controller to match the AWE frequency with the
main bus. AWE3 is enabled with 50s delay and similar to AWE2 it is
equipped with a synchroniser and a frequency controller. Given
that the generators are excited by the permanent magnets, it is not
possible to control the generated voltage by controlling the mag-
netic field in the way that is possible in electrically excited syn-
chronous generators. After matching the unit frequency with the
main bus frequency, the synchroniser checks the voltage ampli-
tudes and phase angles and waits for the best moment for syn-
chronisation. The synchroniser considers 0.3% offset in the unit
frequency lower than the main bus frequency to reach the syn-
chronisation moment. The small frequency offset is required as
without this offset the two voltage signals would have the same
frequency so that the phase angles would never align and syn-
chronisation would never be reached. Once the synchronisation
criteria are met, the synchroniser closes the breakers to intercon-
nect the corresponding AWE unit with the main bus. After inter-
connection, the synchronised PMSG operates with the same
frequency as the other interconnected PMSGs, and any change in
wind speed affects the generated power of the interconnected
PMSG. Fig. 8 shows the frequency of the AWE farm. Each system
operates 80 s in power phase, and for 20 s it is in the recovery
phase. During the recovery phase of the operation, the generator is
mechanically decoupled from the kite by the clutch while it re-
mains electrically interconnected and synchronised with the main
bus as an unloaded synchronous motor. After 20 s, the kite has
begun a new power cycle, and the generator is coupled to the kite
again through the clutch to produce electrical power. AWE2 and
AWE3 are synchronised with the main bus at 42.03s and 54.39s
respectively. Any time that an interconnected generator switches to
the recovery phase from the power phase and vice versa to the
power phase from the recovery phase, small transient oscillations
in farm frequency (less than 6%) are inevitable. The temporary
imbalance between power generation and power consumption is
the cause of these transient frequency oscillations. The perfor-
mance of LSC and AFCs is highly effective in reducing the time and
amplitude of the transient fluctuations in the energy farm fre-
quency when an interconnected AWE switches to the recovery
phase. Fig. 9 shows the root mean square (RMS) currents of each
generator. It can be seen that the generation units generate equal
power while AWE1 acting as the pilot generator for frequency
control is allowed to generate slightly more or less than other units
to keep the frequency close to the operating frequency which is
18.6. In Fig. 9, even when a generator is in the recovery phase, the
generated powers by other generators increase equally to
compensate the power shortage. As an illustration, between t¼ 80s
and 100s when AWE1 is in the recovery phase, the currents
generated by AWE2 and AWE3 are increased equally to about 110A.
At t¼ 100s, AWE1 is back to the generation phase, and LSC de-
creases the generators contributions to 80A until t¼ 105s when
AWE2 changes to the recovery phase and consequently LSC in-
creases the generated currents by AWE1 and AWE3 to about 110A.
When some interconnected generators are in the recovery phase,
the proper operation of LSC is critical. During this time, other
generators increase their generated power to compensate the lack
of power generation from the recovery phase generator. An unequal
power increase may load some generators more than others. This
unbalanced loading is potentially harmful to the heavily loaded
generators and could lead to generator pole-slipping. Pole-slipping
is a condition that occurs when a synchronous machine reaches
and goes beyond themaximum electromagnetic force it can sustain
Fig. 9. RMS currents under normal condition.
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cause severe electrical transients and torques on the generator
shaft and can be very harmful to the prime mover [36] and [37].
During the recovery phase, the generator is mechanically
decoupled from the kite while it is still connected to the main bus
and it operates as an unloaded or idling synchronous motor. In
electrical engineering terms, the unloaded synchronous machine is
called synchronous condenser which is commonly used for
adjusting reactive power on electrical power transmission net-
works [38]. In Fig. 9, when a machine is in the recovery phase, it
exchanges approximately 60A current (reactive power) with the
main bus/interconnected generators. The quadrature currents
result in I2R losses in the interconnecting conductors [36]. The
reactive power exchangemay increase concerns about power factor
correction and the need for the installation of reactive power
compensation systems. Reactive power and power factor for the
generators are illustrated in Figs. 10 and 11 respectively. As can be
seen, when an AWE unit is in the recovery phase it exchanges
approximately 130 kvar with the main bus. During this time, the
two other generators each exchanges 65 kvar reactive powers with
the main bus to provide the demanded reactive power exchange
between the generators. The same operation can be seen in power
factor plots. When one unit is in the recovery phase, its power
factor has decreased to about 0.05 leading (capacitive). It changes
the power factor of other generation units to about 0.95 lagging
(inductive).
Fig. 12 demonstrates the total generated active power of the
AWE offshore farm. Although the individual power of each AWE
unit is discontinuous, the main bus power is continuous. The
continuous power is achieved by implementing 25 s delay between
the operations of individual units. Due to the potential for highlyFig. 10. Reactive powers.fluctuating tether tension (drum torque) from the wing and phase
transformation, the generated active power may be oscillating and
not suitable for grid interconnection. Also, it can be seen in Fig. 12
that the switching between the operational phases causes transient
impulses in the provided power at the main bus. After transmission
to shore and before grid interconnection, the power must be con-
verted to AC power in compliance with the grid codes through one
or several paralleled back to back power electronic converters.4.3.2. Fault condition
4.3.2.1. Power system blackout. A power system blackout is an
intense type of power outage when a major generation unit is lost.
A power blackout may occur due to any failure in the generator,
prime mover or other system equipment. In this condition, the
generator is incapable of staying synchronised with the power
system and in order to minimise the damage as much as possible,
rapid disconnection from the power network is necessary. From the
network side, depending on the size of the power blackout, this
unpredicted and rapid power outage can have destructive conse-
quences. Other generators can be overloaded as they generatemore
power to compensate. Frequency drop, voltage drop, overcurrent
and mechanical tensions on the intermediate system between the
generator and primemover are possible consequences of the power
blackout. Power blackout also increases the risk of pole-slipping by
overloading other generators as they increase their power gener-
ation close to their maximum power generation limit. In the event
of other blackouts because of pole-slipping, the load on remaining
generators is increased, and more generators are disconnected
from the power network. This trend can continue in a cascade until
complete power system collapse [39]. In this section, the operation
of the farm during a power blackout is studied. A blackout fault
study is conducted when two AWEs are in the generation phase,
and another one is in the recovery phase. In this case, the farm faces
50% drop in power generation. At t¼ 135s when AWE3 is in the
recovery phase, AWE2 is disconnected from the main bus. Fig. 13
shows the frequency of the farm under the AWE2 blackout.
Approximately 46% frequency drop when a generator is in recovery
phase and approximately 6% drop when both other two AWEs are
in the power phase can be seen. The 46% drop in the energy farm
frequency can be profoundly harmful to the farm power system
equipment such as power transformers and breakers by increasing
the electromagnetic power losses and consequently increasing the
thermal stress on insulators. Also according to Fig. 14, the main bus
voltage decreases 44% when one generator is in the recovery phase.
This considerable voltage drop can cause an overcurrent leading to
more power losses and thermal stress in the farm power network
and equipment. Fig. 15 shows the overcurrent caused by the power
blackout. It can be observed that the power blackout results in a
considerable (54%) overcurrent. Also, the frequency drop can cause
drastic mechanical loads on the mechanical connection betweenFig. 11. Power factors.
Fig. 12. Total generated active power on the main bus.
Fig. 14. Main bus voltage under AWE2 blackout at t¼ 135s.
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possible, rapid load shedding strategies must be implemented to
decrease electrical load until the farm returns to its normal fre-
quency and voltage. Otherwise, the farm should be tripped to keep
the generators and the farm equipment safe.
4.3.2.2. Delay in the operation phase transmission. Ideally, each
AWE unit operates 80 s in the power phase and 20 s in the recovery
phase. However, real systems may not always follow this profile
exactly because of weather condition, errors in kite and flight
control system, etc. A recovery period longer thanwhat it should be
or delay in transition from the recovery phase to the power phase
can be harmful to the farm equipment if the load is not reduced. In
this condition, other generators are overloaded, and the voltage and
frequency drop across the power network. To study the effects of
this situation on the AWE farm operation a scenario is designed and
modelled. At t¼ 105 the operation phase of AWE2 is changed to the
recovery phase. As per plan, it should be back to power phase after
20 s, i.e. t¼ 125. However, it is delayed by 100 s, i.e. at t¼ 225s. The
performance of the farm and other AWE units during this phase
transmission delay is investigated. Fig.16 shows the farm frequency
under the AWE2 phase transmission fault. From t¼ 125se130s, the
frequency does not decline. At t¼ 130s when AWE3 switches to the
recovery phase, the frequency falls to 11.65 Hz. The same 37% fre-
quency drop can be observed when AWE1 is switched to the re-
covery phase (between t¼ 180s and 200s). The generators’ currents
under the transmission fault are shown in Fig. 17. The AWE2 delay
in the phase transmission can cause up to 65% overcurrent in AWE1
when AWE3 is in the recovery phase and the same overcurrent inFig. 13. Farm frequency under AWE2 blackout at t¼ 135s.AWE3 when AWE1 is in the recovery phase. In Figs. 18 and 19, the
AWE2 delay in phase transmission leads to approximately 37% drop
in the farm voltage and 64% drop in the farm power respectively.
When AWE1 and AWE3 are both in generation phase, the AWE2
failure in the phase transmission does not affect the voltage and
frequency. This failure is destructive when another AWE unit is
switched to the recovery phase. In this condition, because of
maximum power limitation, one standalone AWE unit is incapable
of generating all the required power by the load and therefore the
frequency and voltage drastically drop. Having enough power
redundancy and using generation units with appropriate power
less than their maximum capacity increases their capability to
overcome the power shortage. Otherwise, use of load shedding
techniques or system trips is inevitable. In addition, utilisation of
appropriate sensors and actuators and robust controllers can
decrease the probability and risk of a delay, in operation phase
transmission, fault.
4.3.2.3. Failure in operation of controllers. The direct interconnec-
tion technique is highly dependent on the operation of ASC, AFC
and LSC controllers. The performance of the frequency controllers
(AFC) is crucial during the synchronisation and interconnection
processes. After synchronisation, all the interconnected generators
operate with the same frequency. The frequency controllers try to
keep the farm frequency close to the specified operating frequency
asmuch as possible. However, because of the highly variable torque
from the wing, it is not possible to achieve precisely constant fre-
quency. Any failure in the AFC can cause harmful frequency fluc-
tuations across the farm power network. The ASCs work closely
with frequency controllers. They check the frequency, voltage and
voltage angle of each generator. Once they meet the synchronisa-
tion criteria, the associated ASC sends an interconnection signal to
the main bus circuit breaker. The presence of this controller is
necessary for the direct interconnection technique. Any problem in
its performance can be harmful to the corresponding generator and
the farm. Inaccurate synchronisation imposes drastic torque
stresses on the generator shaft which can be very harmful to the
generator, prime mover and any mechanical intermediate system
between the generator and primemover. Furthermore, it may cause
high transient frequency and voltage oscillations on the main bus.
The load sharing controller is in charge of load balance inside the
AWE farm. It improves the reliability and the efficiency of the farm.
The LSC inspects the generated power and the load power; it then
tries to distribute the load equally between the generators.
Improper performance of the LSC can cause frequency and voltage
oscillations. The LSC improves the reliability of the farm by
      (a)
      (b)
Fig. 15. Currents in case of AWE2 blackout at t¼ 135s, AWE1 (a) AWE3 (b).
Fig. 16. Farm frequency in case of phase transmission fault.
Fig. 17. Generators currents in case of phase transmission fault.
Fig. 18. Main bus voltage under phase transmission fault.
M.E. Salari et al. / Renewable Energy 131 (2019) 284e296292reducing the risk of pole-slipping and power blackout faults. To
study howmuch faulty controllers can affect the AWE energy farm,
three scenarios are designed and implemented in simulation trials.
The first scenario investigates the consequences of the failure in
AFCs while second and third scenarios consider the effects of
malfunctions in an ASC and LSC respectively.
4.3.2.3.1. Automatic frequency controller fault. Fig. 20 shows the
frequency of the farm when the AWE1 frequency controller is
disabled at t¼ 115s. Interconnected generators rotate at an equal
speed. Any change in the speed of one generator can affect the
velocity of all synchronised generators. The frequency controller of
AWE1 (AFC1) is the master frequency controller of the farm. If AFC1
is in recovery phase or it is broken down for any reason, AFC2 or
AFC3 must be enabled. However in this scenario to simulate the
worst condition, switching of the active frequency controller doesnot occur following AFC1 breakdown. As can be observed in Fig. 20,
without AFCs the frequency of the farm is highly irregular so that it
can drop up to 36%. It is quite evident that in the absence of the AFC,
Fig. 19. Farm power under phase transmission fault.
Fig. 21. Generator currents under AFC1 fault.
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power phase, the frequency is fluctuating. For instance between
t¼ 150s and t¼ 180s when all units are in the power phase fre-
quency varies between 16 Hz and 18.6 Hz which is about 14% fre-
quency fluctuations. Fig. 21 shows that the frequency controller
fault also affects the performance of the LSC. It can force one unit to
generate up to 55% more than other generators. The period be-
tween t¼ 230s and 250s can be considered as an example. During
this window, AWE3 is in the recovery phase, and AWE1 and AWE2
operate in the power phase. The generators provide unequal con-
tributions during this time so that AWE1 RMS current oscillates
around 40e70A while AWE2 generates a fluctuating current be-
tween 95 and 125A. The irregular frequency and current oscilla-
tions caused by AFC fault can potentially be very harmful to the
generators, kites and farm equipment such as transformers and
switches. However, it is not very likely that the loss of all AFCs will
occur at the same time. In the case of this fault, the offshore AWE
farmmust be tripped onto the dump loads, and the individual units
must be recovered to ground/platform.
4.3.2.3.2. Automatic synchronisation controller fault. Any failure
in the ASC subsystems such as measuring instruments, processing
unit, command transmission unit or breakers may lead to out of
step synchronisation. Out of step synchronisation can cause sig-
nificant transient fluctuations in torque and frequency. Fig. 22
shows the frequency of the farm under an ASC fault. The auto-
matic synchronisation controller interconnects AWE3 to the main
bus at t¼ 52s. At this time, the voltage angle of the generator is not
equal to the farm voltage angle. The consequence is a 62.5 HzFig. 20. Farm frequency under AFC1 fault.transient oscillation which is 3.36 times the nominal frequency of
the farm. This transient frequency jump causes a severe transient
mechanical torque on the shaft between the generator and the
tether drum. The impact of the ASC fault on mechanical torque is
illustrated in Fig. 23. It results in a 150 kNm transient torque in
4.66 s which is about 7.5 times greater than the maximum nominal
torque. This torque can cause extensive damage to the generator,
tether drum, tether, and kite. Out of step synchronisation can be
very fast and destructive. The frequency and voltage angle of the
main bus and generators should be monitored permanently. In the
case of any faulty synchronisation, the joining generator must be
isolated from the main bus rapidly and returned to its dump load.
4.3.2.3.3. Load sharing controller fault. Figs. 24 and 25 illustrate
the frequency of the farm and the currents of the generators
respectively. LSC is disabled at t¼ 70s. This fault can occur due to
any fault in measurement instruments, controller, actuator, etc. The
frequency is not highly affected by this fault although the unequal
distribution of the load is obvious in the generator currents. For
instance, according to Fig. 9 when the farm is in normal condition,
between t¼ 105s and 125s, inwhich AWE2 is in the recovery phase,
AWE1 and AWE3 generate 110A each. However, in case of LSC break
down, AWE1 generates about 180e190A, and AWE3 produces
50e60A. This is approximately 64% overcurrent for AWE1. This
overcurrent could be harmful to the corresponding electrical
equipment for the AWE1 unit. In addition, it increases the risk of
generator pole-slipping. Fig. 25 shows an unstable RMS current for
the generators in the absence of the LSC. This variable current can
introduce a high level of harmonics to the provided voltage and
current signals at the main bus. Harmonics can increase thermal
stress in the farm power network conductors and equipment.
Fig. 26 compares the voltage spectrum at the energy farmmain bus
with and without LSC. According to Fig. 26 (a) with the presence of
Fig. 23. AWE3 torque under ASC fault.
Fig. 24. Farm frequency under LSC fault.
Fig. 25. Generators’ currents under LSC fault.
Fig. 22. Farm frequency under ASC fault.
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amplitude of 564 V and frequency of 18.6 Hz other harmonics exist
with frequencies varying from 17.5 Hz to 20.5 Hz. However, har-
monics with amplitudes more than 10% of the fundamental har-
monic are limited to the frequency band of 18.3e19.4 Hz. Fig. 26 (b)
shows that the LSC fault considerably increases the voltage har-
monics. The frequency band for the subsidiary harmonics with
amplitudes more than 10% of the fundamental harmonic is
15.5e23.5 Hz, and subsidiary harmonics can rise to 62% of the
fundamental harmonic while with LSC they do not go more than
17.73% of the fundamental frequency. Disconnection of the over-
loaded generator cannot be a proper solution for this fault since it
may overload other generators and therefore it should be avoided
as far as possible. However, sometimes the disconnection from the
main bus or the farm shutdown is inevitable for generator pole-
slipping protection. Using a backup LSC can be suggested to pro-
tect the farm against this fault.5. Discussion and conclusions
The performance of the direct interconnection technique under
normal and fault conditions is studied. The practicality of this
technique for AWE systems is considered and investigated by a
simulation model. Despite the highly oscillating torque from the
wings and the uncontrollable magnetic field of PMSGs, with robust
and accurate controllers this technique can be successfully
deployed for non-reversing AWE systems. AFCs control the farm
frequency around the predefined operating frequency. However,
due to tether tension/drum torque fluctuates, it is not possible to
achieve a flat frequency performance. The LSC is designed and
implemented to keep the load balance of the farm. Normal and fault
condition studies illustrate the importance of this controller to
avoid overload with related consequences. AWE systems present a
unique dynamic by switching between the power phase and the
recovery phase. In the direct interconnection technique applied to
AWEs, while a generator is in the recovery phase, it is still
         (a)
(b)
Fig. 26. Voltage spectrum at main bus, with LSC (a), without LSC (b).
M.E. Salari et al. / Renewable Energy 131 (2019) 284e296 295electrically interconnected with the main bus and operates as an
unloaded synchronous machine. This unloaded synchronous ma-
chine needs reactive power exchange to stay synchronised with the
main bus and other generators. The simulation results show that
the size of this reactive power exchange is more than 130kvar
which is considerable and can change the power factor of the
corresponding machine to 0.05 capacitive and other power phase
generators to 0.95 inductive. This reactive power exchange can
cause significant problems for real AWE farms, and it can be even
worse when they are dealing with inductive-resistive loads. A
considerable amount of farm transmission capacity can be captured
by the reactive current and power loss in the farm internal power
network can be increased. In addition, this reactive power exchange
can cause harmful voltage fluctuations. Hence, a reactive power
control strategy is necessary for the implementation of the direct
interconnection technique for AWE systems. To control the reactive
power different solutions can be considered. Use of electrically
excited synchronous generators which are capable of reactive po-
wer control by regulating the rotor current, utilisation of capacitor
banks or static VAR compensators (SVCs), and flexible alternating
current transmission systems (FACTS) can be helpful in avoiding the
consequences of the reactive power exchange inside the AWE
farms. In future research, this is considered to be investigated
further with a focus on power reliability and technical and eco-
nomic constraints of offshore AWE systems. Different fault condi-
tions including power blackouts, delay in operation phase
transition and various controller failures are examined. It is shown
that power blackout and delay in operational phase transition cancause drastic fluctuations in frequency and current. Failure in ASCs
and out of step synchronisation results in a destructive transient
torque. Faulty AFC and LSC can impact generators by significant
frequency drop and overcurrent. The fault studies in this paper
show the need for future research in designing a comprehensive
protection system for AWE farms. In this regard, thorough analysis
of probable fault conditions need to be studied, and the results
should be used to design a reliable, fast and robust protection
system.
Regulating mechanical torque is a critical part of the direct
interconnection technique. Torque control can be achieved by
either the flight controller or a variable torque drive/gearbox. Using
a gearbox increases system cost and repair and maintenance ex-
penses. In addition, a gearbox can reduce system efficiency by 10%
at least. Considering the high expenses of offshore operations, use
of a variable torque drive/gearbox cannot be a cost-effective solu-
tion for torque regulation. Regulating mechanical torque through
the kite flight controller is a more economical approach although it
certainly increases the demands on and possibly complexity of the
flight control system. Depending on command signals from the
frequency and power controllers, the flight controller regulates the
tether tension/drum torque by manipulating the kite angle of
attack and airspeed, through the regulation of the kite trajectory
within the wind field. This paper examines the direct intercon-
nection technique inside an AWE farm under normal and fault
conditions. The simulation results show that this technique is
feasible for AWE systems. However, further studies are required for
reactive power control and the kite tether tension/drum torque
M.E. Salari et al. / Renewable Energy 131 (2019) 284e296296control system. Details of power grid interconnection are not
considered in this paper. The integration of the directly inter-
connected AWEs with power grid will be studied in future work.
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Abstract: In this paper, an offshore airborne wind energy (AWE) farm consisting of three
non-reversing pumping mode AWE systems is modelled and simulated. The AWE systems
employ permanent magnet synchronous generators (PMSG). A direct interconnection technique
is developed and implemented for AWE systems. This method is a new approach invented for
interconnecting offshore wind turbines with the least number of required offshore-based power
electronic converters. The direct interconnection technique can be beneficial in improving the
economy and reliability of marine airborne wind energy systems. The performance and interactions
of the directly interconnected generators inside the energy farm internal power grid are investigated.
The results of the study conducted in this paper, show the directly interconnected AWE systems
can exhibit a poor load balance and significant reactive power exchange which must be addressed.
Power control strategies for controlling the active and reactive power of the AWE farm are designed,
implemented, and promising results are discussed in this paper.
Keywords: airborne wind energy; direct interconnection technique; load sharing control; active
power; reactive power exchange; non-reversing pumping mode
1. Introduction
Airborne wind energy (AWE) is a promising technology to overcome the technical and the
economic constraints of conventional wind turbines for harnessing the stronger and more consistent
winds present at higher altitudes. This technology utilises a tethered free-flying kite or glider or
flying turbine (in some design approaches) to reach altitudes unreachable for conventional wind
turbines. It eliminates the requirement for civil structures such as towers to elevate the system into the
wind. Since the first patent of airborne wind energy by Van Gries in 1938 [1], several types of AWE
systems have been invented and introduced by researchers and engineers in different universities
and companies [1–4]. The non-reversing pumping-mode AWE system employing a kite or a glider
for harnessing the wind energy is the focus of this paper [5]. Non-reversing pumping mode AWE
systems have been initially developed at the University of Limerick, Ireland [5–7]. In this type of
pumping mode AWE system, a kite or glider is tethered to a ground station consisting of a tether drum
coupled to a generator and a fractional scale recovery motor. The operation cycle is divided into two
phases, a power phase and a recovery phase. During the power phase, the generator is mechanically
connected to the tether drum and generates electrical power from the tension profile provided by the
flying wing. At the maximum tether length, the operation must be switched to the recovery phase.
During the recovery phase, the generator is mechanically bypassed by an overrunning clutch, and the
tether drum is reversed by the recovery motor to recover the tether to its initial length [5]. Use of a
separate fractional scale motor for the recovery process is the principal deference of the non-reversing
pumping mode AWE systems compared to the conventional pumping mode AWE devices where
Energies 2018, 11, 3134; doi:10.3390/en11113134 www.mdpi.com/journal/energies
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they reverse the generator for use as a motor for the recovery process. Reversing the generator in the
conventional pumping mode procedure creates difficulty for utility-scale grid interconnection due to
the inefficiencies of stopping a large generator and reversing the system as a motor [5]. A variation
on the concept of using a separate motor and generator for the recovery phase and power phase
are considered by the researchers at TU Delft [8]. The non-reversing pumping mode AWE system is
illustrated in Figure 1 (see [5] for greater detail).
Compared to the conventional wind turbines, the need for less mechanical and civil construction
has made AWE systems an ideal technology for floating offshore wind energy systems where the
size of offshore construction is significantly critical [8–10]. A factor which is more important when
reported studies show increasing attention to the offshore wind resources due to higher wind energy
availability, less environmental effects and less land limitation in comparison with on-land wind
energy systems [11,12]. For instance, the potential of Ireland for the installation of offshore and on-land
wind energy systems by 2050 is 30 GW and 11–16 GW, respectively [13], almost double the capacity for
offshore wind compared to on-land wind. Furthermore, the Irish maritime area is ten times larger than
the country’s landmass providing an exceptional land area for the installation of floating wind energy
systems [14].
The direct interconnection technique is a new approach to improve the cost and availability of
offshore wind energy systems. Pican et al. first introduced the direct interconnection technique (DIT) in
2011 for conventional offshore wind turbines [15,16]. In this technique, unlike the conventional approach,
all the offshore units are directly interconnected to each other without any power electronic converter.
After dispatching the generated power to shore, the farm power is converted in compliance with grid
codes by a back to back converter or several paralleled back to back converters. Given that the power
electronic converters possess a high rate of failure among the wind turbine sub-assemblies [17,18] and
given high expenses of off-shore operations for offshore located back to back converters, this method
could provide a significant improvement in the economy and the reliability of the offshore airborne
wind energy systems. The direct interconnection technique and the conventional approach for off-shore
power integration are illustrated in Figure 2. The first DIT implementation attempt for AWE systems
is reported in [5]. In [5], a DIT algorithm is implemented on an offshore AWE farm simulation model
proving the initial feasibility of this technique for pumping mode AWE system. The research work of [5]
is followed by [19] to investigate the performance of the directly interconnected AWEs under normal and
fault conditions. However, there remain many questions about the efficiency and power control of the
directly interconnected AWE systems that this current paper answers.
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This paper aims to evaluate and optimise the power control of the directly interconnected
non-reversing pumping mode AWE systems. Considering AWE systems are directly interconnected
to the main bus of the energy farm without any power electronic converter, the power control of
the internal grid is an important question as it is a highly dominant factor on the efficiency and
performance of the AWE energy farm. In this regard, this research focuses on the power control of
the directly interconnected AWE generators inside the internal power grid of an energy farm. Three
non-reversing pumping mode AWE systems are modelled and simulated as a minimum viable offshore
energy farm. The AWE generators are directly interco nected to the main bus of the energy farm
in accordance with the proposed algo ithm and by use of automatic frequency and synchronisation
controllers. The interaction of the directly int connect d AWE systems inside the internal power grid
is studied. Active power, reactive power, power factor, voltage sag and total harmonic distortion (THD)
are measured and analysed for the internal power grid of the AWE energy farm. A reactive power
compensator (RPC) is designed and implemented to improve the reactive power exchange inside
the energy farm internal grid. Also, a load sharing controller (LSC) controls the active power and
load balance. Comparing the power generated by the directly interconnected non-reversing pumping
mode AWE systems before and after adding the LSC and RPC shows significant improvements in
voltage and current oscillation reduction, load balance, and reduction in reactive power of the internal
power grid.
2. Simulation Model
The powe system diagr m of the modelled ff-shore AWE farm is illustrated in Figure 3.
This model is also used in [19] for investigation on the implementation of DIT for AWE sys ems.
For more inf rmation regarding the mathema ical descripti n of the model see [19]. A can be seen,
the farm consists of three non-reversing pumping mode AWE systems. In this model, permanent
magnet synchronous generators (PMSG) are used for the electrical power generation. Each AWE
system is equipped with an automatic frequency controller (AFC). The AFC in conjunction with the
kite flight controller attempts to regulate the incoming torque from the kite to achieve the operating
frequency. The AFC is a proportional-integral (PI) controller providing control signals to the flight
controller to keep the generator’s frequency within the predefined range of operating frequency.
The direct interconnection algorithm is demonstrated in Figure 4. After reaching the desired frequency,
the automatic synchronisation controller (ASC) starts to work. The ASC compares the frequency,
voltage amplitude and voltage angle of the generator and the main bus a d once th y meet the
synchronisation criteri (equal frequencies, equ l voltages and equal voltage a gles), it interconnects
the corresponding AWE u it with the main bus. The ASC mprises thr e hysteresis controllers (on/off
control action). Each hysteresis controller controls one of the synchronisation criteria (i.e., frequency,
voltage amplitude and voltage angle). The ASC does not generate the breaker synchronisation
command signal unless all three on/off controllers generate an “on” signal at their outputs.
Energies 2018, 11, 3134 4 of 17
Before the interconnection, each system is connected to a local resistive dump load, and after the
main bus interconnection, the generator is connected to the load along with the other interconnected
AWEs. Table 1 shows the specifications of the modelled offshore AWE farm. The nominal frequency of the
farm is 18.6 Hz. Controlling the frequency of the farm within an appropriate range around the nominal
value is critical for efficient power generation considering the wind speed and the rated frequency and
speed of the system components such as the generators. The operation cycle of the AWE systems is
120 s with a duty cycle of 80% which means each generation unit operates 96 s in the power phase of
operation and 24 s in the recovery phase of the operation. To achieve a continuous power at the main bus
a 26 s delay between the operations of the generators is implemented. The simulation is performed by
MATLAB/Simulink Simscape Power Systems software, version number 9.2.0.556344 (R2017a).
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Table 1. Simulation ecification [19].
PMSG nominal frequency (Hz) 18.6
PMSG flux linkage (Wb) 6.86
PMSG stator resistanc (mΩ) 47
PMSG number of pole pairs 45
Dump loads resistance (Ω) 10
Main load resistance (Ω) 3.75
AWE period (s) 120
AWE duty cycle (%) 80
AWE cycle phase delay (s) 26
Transmission line length (km) 50
Transmission line inductance (mH/km) 0.39
Transmission line capacitance (µF/km) 0.34
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Figure 5 shows the torque provided by the kite and the tether to the generator. The torque is
modelled as a constant torque with two fluctuating components added to it; a sinusoidal torque
representing the periodic manoeuvre of the wing in figure-of-eights inflight and a band-limited
white noise torque describing the wind turbulence. Given that the AWE technology is still under
development and most AWE projects are in the prototype stage, large datasets of kite test results for
modelling the torque from the kite and tether are not available yet. Hence, it is difficult to model
the actual shaft torque generated by the kite. However, comparing the torque in Figure 5 with the
represented results in [5,20–23], shows the torque in Figure 5 can be considered comparable to the
torque in experimental systems.
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3. Simulation Results
The frequency of the generators for 600 s is emonstrated in Figure 6. AWE1 starts to work at t =
0, and AWE2 and AWE3 launch the operation with 26 s delay at t = 26 s and t = 52 s, respectively. With
the operation of each generation unit, automatic frequency controller and automatic synchronisation
controller are activated to prepare the corresponding system for the main bus interconnection. As can
be seen in Figure 6, AWE2 is integrated into the main bus at t = 51.69 s, and AWE3 joins the main bus
at t = 79.45 s. Since the incoming torque from the wing is highly oscillatory, it is not possible to achieve
a constant frequency. However, the AFCs can control the steady state frequency within a reasonable
range (less tha 5% error) around the op rational f quency. After i terconnecting all generation units
to the main bus, the generators are synchronised, and one AFC can control the main bus frequency.
Hence, AFC1 is considered as the main bus frequency controller, and if AFC1 is in the recovery phase
or faulty, AFC2 operates as the backup main bus controller.
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The generated power at the main bus is demonstrated in Figure 7. At the start, only AWE1 is
interconnected with the main bus and generates 105 kW electrical power. After the interconnection of
AWE2 and AWE3, the electrical power at the main bus increases to 235 kW and 350 kW respectively.
However, the power generated by each generator is discontinuous. The total power at the main bus
is continuous due to the applied time delay between the operation of the AWE systems. Due to the
fluctuations in incoming torque from the wing, the active power at the main bus is highly oscillatory.
Hence, the utilisation of a power electronic converter before interconnection to the load or the grid
is proposed as necessary. According to Figure 8, the RMS value of the phase voltage at the main
bus is 564 V, and the peak value of the main bus voltage is 810 V. Figure 9 shows the measured
root-mean-square (RMS) current at the terminals of the generators and the main bus. As can be seen,
after the interconnection of all generators to the main bus, total current at the main bus changes
between 210 A to 260 A. In Figure 9, the power phase and the recovery phases of the operation are
highlighted by green and red colours, respectively.
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current to around 59 A and 200 A, respectively. Improper power flow and uneven contribution in the
generated current can be harmful to the farm power system by increasing the risk of a pole-slipping
fault [24–26] and increasing the power losses and current inconsistency due to the circulating current
between the generators [27]. A load sharing controller (LSC) is designed and developed to maintain
the load balance in the farm power network. The control diagram of the farm is illustrated in Figure 10.
The LSC measures and compares the current at the main bus and the generated current by each
interconnected generator. If the LSC recognises that a generator is loaded more than other generators it
tries to correct the generator contribution by regulating the mechanical torque applied to the generator.
The LSC consists of three proportional controllers (P-controllers). Each P-controller controls the power
contribution of one AWE unit. Considering the load and the number of power phase and recovery
phase AWEs, the LSC estimates each unit’s share to set the reference values of P-controllers.
The mechanical torque regulation can be performed by sending a command signal to the kite
controller which alters the trajectory and aerodynamic properties of the wing. Figure 11 demonstrates
the generators and the bus currents after adding the LSC. As can be seen, the load is divided
equally between the generators. For instance, between t = 96 s and 120 s when AWE1 is in the
recovery phase, the generated currents by AWE2 and AWE3 increase evenly to 110 A. As mentioned,
after interconnection of all generators to the main bus, AFC1 operates as the pilot controller to
control the farm frequency. In the load sharing strategy, AWE1 is the only generation unit which is
permitted to generate slightly more than other generators for the frequency regulation. Comparing
Figures 9 and 11 shows the implementation of the LSC causes a significant reduction in the main bus
current fluctuations.
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condition, the permanent magnet synchronous generator operates as an unloaded synchronous motor.
This unloaded synchronous motor draws a small amount of active power and exchanges a significant
amount of reactive power to stay synchronised with the other generators. The reactive power exchange
can be seen in Figure 12. As an illustration, between t = 96 s and t = 120 s, AWE1 is in the recovery
phase, and it exchanges 125 kVAR leading reactive power with the main bus. During the same time,
it can be seen that the reactive powers of AWE2 and AWE3 are increased to 62 kVAR and 63 kVAR
lagging, respectively. This reactive power exchange between the recovery phase AWE and the power
phase AWEs reduces the power factor of the generators. Also, it results in increased power losses by
increasing the current flow through the internal power grid equipment such as transmission lines,
generators, transformers and circuit breakers. A reactive power controller (RPC) is developed and
implemented for each AWE unit. The RPC consists of a variable capacitor bank parallel to the terminals
of the generator, and a controller tracking the reactive power exchanges. If an RPC detects any lagging
reactive power at the output of an AWE unit, it switches the appropriate number of capacitors to the
generator terminal to compensate the lagging reactive power. In Figure 3, the capacitor banks are
specified by C1, C2, and C3 for AWE1, AWE2, and AWE3 respectively. After adding RPC to each AWE
unit, the reactive power exchange is limited to the synchronous machine and the shunt capacitor banks
connected to the machine terminals, and it is not exchanged between the AWE units through the farm
internal power grid anymore.
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recovery phase (between t = 96 and 120) the exchanged r active power ith the AWE2 and AWE3
(except during the transient time of the phase transmi sion) is 6.5 kVAR approximately. During this
period, e lagging reactive pow r is compensated by RPC2 and RPC3. Similarly, when AWE2 and
3 operate in the r covery p ase, the lagging reactive power is compensat d by RPC1 and RPC3
for the AWE2 recovery phase, and RPC1 and RPC2 for the AWE3 recove y phase, and the ci culating
reactiv power is decreased significantly. This reactive power compensation can improve the capa ity
of the AWE energy farm for providi g more active power to the l ad/grid by reducing the circulating
current inside the internal power grid. Figure 14 shows th fa m currents after the utilisation of RPC .
Compared to Figure 11, the current exchange of the recovery phase AWE with the main bus has
decreased from 74 A to 3.5 A, whi h is a 95.27% reduc ion in the circulating current.
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Table 2 compares the average power factors of the AWE units before and after the use of
RPCs. In this table, “+” indicates a lagging power factor, and “−” represents a leading power factor.
A significant improvement in the power factor can be seen by adding RPCs to the farm. For instance,
without RPC, the ave age power factor of t AWE1 during the recovery phase is 0.01 leading while,
by RPC, it is corrected to 0.83 lagging. The power factor improvement can be observed for AWE2 and
AWE3 as well. The average power factor of AWE2 and AWE3 over the recovery phase is improved
from the weak value of 0.01 leading to 0.70 and 0.72 lagging, respectively. Additionally, the average
power factor of the power phase AWEs when one AWE unit operates in the recovery phase is improved
to the value of 1.
Figure 15 shows a voltage sag investigation at the main bus of the energy farm. According to the
IEEE 1159 standard, voltage sag is a voltage drop to between 10 to 90% of the nominal voltage lasting
more than half of a cycle and less than one minute [28]. Voltage sag can happen as a result of events such
as short circuit fault, the start of induction motors and variations in the load [28]. This type of voltage
drop can be a critical problem since it can affect the proper operation of the power system causing damage
to the power grid a d en -us r equipment [28]. Furthermore, it may lead to unwanted protectio system
trips [28]. In DIT, the transition of an i terconnected generator from th power to recover phase and
vice versa cases, variations in the mechanical torque and speed of the tethered wing, and the switching
operation of the capacitor banks (after adding RPCs) can potentially cause voltage sag in the energy farm
power network. The represented voltage sag analysis in Figure 15 compares voltage sag events with and
without the LSC and RPC for 600 s of the simulation at the main bus of the internal power grid. In this
figure, the term ‘N’ represe ts how many times each vol age sag event has happened. Figur 15a shows
that without the LSC and RPCs, a total of 22 voltage sag events have occurred. Among them, the most
intensive is the sag to 45% with the duration of 119.18 cycles and a repetition of four times. The longest
voltage sag is 238.36 cycles with a magnitude of 65% and repetition five times. The sag to 89% is the
most frequent voltage sag event with 13 repetitions and duration of 106.14 cycles. Figure 15b represents
voltage sag analysis afte adding the LSC and RPCs. The number of voltage sag events is reduced to 11;
a 50% improvement in the number of voltage sag events. In Figure 15b the most intensive event is a sag
to 85% with a duration of 1.30 cycles, compared to the most intensive sag before adding LSC and RPCs
(Figure 15a) 88.88% and 98.90% improvement in the magnitude and duration is achieved, respectively.
Additionally, Figur 15b shows that the longest sag with LSC and RPCs is 55.68 cycles while without the
LSC and RPCs it was 238.36 cycles, i.e., a 76.64% improvement.
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AWE2, AWE1 AWE3 +0.94 +1 +0.95 +1 −0.01 0.72
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Figure 16 investigates the total harmonic distortion (THD) of the main bus current before and
after implementation of the LSC and RPCs. THD is an index showing the signal distortion due to
harmonics. Current THD can be determined by Equation (1) as the ratio of the cumulative harmonics






Ii)/I1 × 100 (1)
where Ii is the RMS value of i-th order harmonic and I1 is the RMS value of the fundamental frequency
of the current.
In Figure 16a it can be observed that without the implementation of the LSC and RPCs the main
bus current THD can rise to 65.3%. Figure 16b shows the maximum current THD is decreased to 27.94%
by the use of LSC and RPCs which is a 57.21% decrease in current THD at the main bus. This significant
improvement in the THD of the power generated by the directly interconnected generators is highly
effective in the reduction of core losses in power transformers and electrical machines lowering the
thermal stress on the farm internal power grid equipment [30]. However, this THD is still unsuitable
for electric power consumers as according to the IEEE Std. 519-1992 the current THD at the point
of common coupling (PCC) with the infinite power grid must be below 5% [30]. Hence, THD must
be reduced to less than 5% for the grid interconnection by the implementation of one or several
paralleled back to back power electronic converters in the onshore substation before integration with
the infinite power grid. As mentioned, such converters are, in any case, required for frequency and
voltage compliance.
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offshore site to shore can significantly improve the economy and reliability of the offshore AWE 
farms. However, this paper shows that the elimination of the power electronic converters from the 
terminals of the generators and the integration of AWE generators directly to the offshore main bus 
can lead to less controllability and, hence, reduced power factor, significant reactive power exchange 
between the generators, poor load balance, and wild fluctuations in voltage and current. 
Accordingly, a DIT internal power grid needs power controllers to improve the efficiency and 
reliability of generated power. It is shown that without controlling the contribution of each 
generator in the active power generation, the load is divided unequally between the generators. This 
uneven load sharing loads some generators more than other generators and can be harmful to the 
overloaded generators and the internal power grid equipment, such as transformers, breakers, and 
capacitors. 
The reactive power exchange between the directly interconnected airborne wind energy 
systems has been analysed. It is shown that when an AWE unit operates in the recovery phase, it 
exchanges a considerable amount of reactive power with other interconnected machines to stay 
synchronised with them. This reactive power exchange causes a significant circulating current 
within the AWE energy farm leading to a reduced active power capacity of the energy farm and 
increased power losses of the internal power grid equipment such as transmission lines and 
transformers. 
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4. Discussion and Conclusions
The direct interconnection technique is a novel approach for the integration of offshore airborne
wind energy systems. In this technique, transferring the power electronic converters from the offshore
site to shore can significantly improve the economy and reliability of the offshore AWE farms. However,
this paper shows that the elimination of the power electronic converters from the terminals of the
generators and the integration of AWE generators directly to the offshore main bus can lead to less
controllability and, hence, reduced power factor, significant reactive power exchange between the
generators, poor load balance, and wild fluctuations in voltage and current. Accordingly, a DIT internal
power grid needs power controllers to improve the efficiency and reliability of generated power. It is
shown that without controlling the contribution of each generator in the active power generation,
the load is divided unequally between the generators. This uneven load sharing loads some generators
more than other generators and can be harmful to the overloaded generators and the internal power
grid equipment, such as transformers, breakers, and capacitors.
The reactive power exchange between the directly interconnected airborne wind energy systems
has been analysed. It is shown that when an AWE unit operates in the recovery phase, it exchanges a
considerable amount of reactive power with other interconnected machines to stay synchronised with
them. This reactive power exchange causes a significant circulating current within the AWE energy
farm leading to a reduced active power capacity of the energy farm and increased power losses of the
internal power grid equipment such as transmission lines and transformers.
A load sharing controller is designed and implemented to control the load balance inside the
farm. The LSC measures and compares the generated current of each generator and the total bus
current to maintain load balance. Comparing the generated current before and after adding LSC shows
a significant improvement in the farm load flow. With LSC included, the generators give an equal
contribution to the load demand, and even when a unit is in recovery the generated power from the
other generators increases equally in response to the power shortage.
Reactive power controllers (RPC) are developed and implemented for each AWE unit to control
the reactive power exchange. The reactive power exchange before and after adding RPCs is compared.
The simulation results show that the use of RPCs considerably decreases the reactive power exchange
between the directly interconnected AWE systems. Additionally, it causes a significant power factor
improvement and 95% reduction in the amount of circulating current inside the internal power grid.
Voltage sag and THD have been investigated. It is shown that by the appropriate control of active
and reactive power for directly interconnected pumping mode AWE systems it is possible to make
a reduction of 57.21% and 50% in current THD and the number of voltage sag events, respectively.
Similarly, considerable improvements in the magnitude and duration of voltage sag events are achieved
by the implementation of the LSC and RPCs.
Controlling active and reactive power is a critical factor for improving the reliability and efficiency
of the directly interconnected airborne wind energy systems. This research has achieved a notable
improvement in the quality of power inside the internal power grid for the directly interconnected
AWE systems by the design and implementation of appropriate active and reactive power controllers.
However, due to the variable mechanical power input from the AWE kites, this power still requires
on-shore power electronic converters (back to back converters) prior to integration with the infinite
power grid or load.
This paper focuses on the ground station of AWE systems and assumes that the AWE’s kite is
ideally controllable for torque regulation. Due to the lack of experimental test results, it is not possible
to understand how far the kite and flight controller can collaborate with the controllers of the direct
interconnection technique. In future work, this must be investigated by adding an aerodynamic model
of kite including feasible flight controllers to the current AWE farm model and the experimental testing
of DIT on real AWE devices. Moreover, in the future this research work plans to study the integration
of the directly interconnected pumping mode AWE systems to the infinite power grid via back-to-back
power electronic converters.
Energies 2018, 11, 3134 16 of 17
Author Contributions: M.E.S. carried out the reported research work, writing the paper and revisions. J.C. and
D.T. supervised the research work, revisions, and language editing. The content of this paper is discussed by the
authors, and they all contributed to the final manuscript.
Funding: This work is supported by the project AWESCO (H2020-ITN-642682) funded by the European Union’s
Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement No. 642682.
This publication has emanated from research supported in part by a research grant from Science Foundation
Ireland (SFI) under MaREI Grant No. 12/RC/2302.
Conflicts of Interest: The authors declare that the publication this article has no conflict of interest.
References
1. Mendonça, A.K.S.; Vaz, C.R.; Lezana, A.G.R.; Anacleto, C.A.; Paladini, E.P. Comparing Patent and Scientific
Literature in Airborne Wind Energy. Sustainability 2017, 9, 915. [CrossRef]
2. Cherubini, A.; Papini, A.; Vertechy, R.; Fontana, M. Airborne wind energy systems: A review of the
technologies. Renew. Sustain. Energy Rev. 2015, 51, 1461–1476. [CrossRef]
3. Salari, M.E.; Coleman, J.; Toal, D. Airborne wind energy—A review. In 3rd International Congress on Energy
Efficiency and Energy Related Materials (ENEFM2015); Oral, A.Y., Oral, B., Banu, Z., Eds.; Springer International
Publishing: Berlin/Heidelberg, Germany, 2016; pp. 81–92. ISBN 978-3-319-45677-5.
4. Diehl, M. Airborne Wind Energy: Basic Concepts and Physical Foundations. In Airborne Wind Energy;
Ahrens, U., Diehl, M., Schmehl, R., Eds.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 3–22. ISBN
978-3-642-39965-7.
5. Coleman, J.; Ahmad, H.; Pican, E.; Toal, D. Modeling of a synchronous offshore pumping mode airborne
wind energy farm. Energy 2014, 71, 569–578. [CrossRef]
6. Coleman, J.; Pican, E.; Ahmad, H.; Toal, D. Experimental Developments of a Pumping Mode Kite Power
Demonstrator with Non-reversing Generator. In Proceedings of the Airborne Wind Energy Conference
(AWEC2013), Berlin, Germany, 10–11 September 2013.
7. Coleman, J.; Ahmad, H.; Toal, D. Development and Testing of a Control System for the Automatic Flight of
Tethered Parafoils. J. Field Robot. 2017, 34, 519–538. [CrossRef]
8. Fechner, U.; Schmehl, R. Model-based efficiency analysis of wind power conversion by a pumping kite power
system. In Airborne Wind Energy; Ahrens, U., Diehl, M., Schmehl, R., Eds.; Springer: Berlin/Heidelberg,
Germany, 2013; pp. 249–269. ISBN 978-3-642-39965-7.
9. Archer, C.L.; Monache, L.D.; Rife, D.L. Airborne wind energy: Optimal locations and variability. Renew.
Energy 2014, 64, 180–186. [CrossRef]
10. Heptonstall, P.; Gross, R.; Greenacre, P.; Cockerill, T. The cost of offshore wind: Understanding the past and
projecting the future. Energy Policy 2012, 41, 815–821. [CrossRef]
11. Global Wind Energy Council. Wind Global Wind Report-Annual Market Update 2017. Available online:
http://files.gwec.net/files/GWR2017.pdf (accessed on 1 November 2018).
12. Colmenar-Santos, A.; Perera-Perez, J.; Borge-Diez, D.; Palacio-Rodríguez, C. Offshore wind energy: A review
of the current status, challenges and future development in Spain. Renew. Sustain. Energy Rev. 2016, 64, 1–18.
[CrossRef]
13. SEAI. Wind Energy Road Map-Introduction to the Wind Energy Roadmap to 2050. Available online: https:
//www.seai.ie/resources/publications/Wind_Energy_Roadmap_2011-2050.pdf (accessed on 1 November 2018).
14. Ireland Department of Communication, Energy and Natural Resources, Ireland’s Transition to a Low
Carbon Energy Future 2015–2030. Available online: https://www.dccae.gov.ie/en-ie/energy/publications/
Documents/2/Energy%20White%20Paper%20-%20Dec%202015.pdf (accessed on 1 November 2018).
15. Pican, E.; Omerdic, E.; Toal, D.; Leahy, M. Analysis of parallel connected synchronous generators in a novel
offshore wind farm model. Energy 2011, 36, 6387–6397. [CrossRef]
16. Toal, D.; Pican, E.; Leahy, M. Improvements in and Relating to Wind Farms. European Patent EP2647098,
2 December 2010.
17. Spinato, F.; Tavner, P.J.; Van Bussel, G.J.W.; Koutoulakos, E. Reliability of wind turbine subassemblies.
IET Renew. Power Gener. 2009, 3, 1–15. [CrossRef]
18. Zhao, Y.; Li, D.; Dong, A.; Kang, D.; Lv, Q.; Shang, L. Fault Prediction and Diagnosis of Wind Turbine
Generators Using SCADA Data. Energies 2017, 10, 1210. [CrossRef]
Energies 2018, 11, 3134 17 of 17
19. Salari, E.M.; Coleman, J.; Toal, D. Analysis of Direct Interconnection Technique for Offshore Airborne Wind
Energy Systems under Normal and Fault Conditions. Renew. Energy 2019, 131, 284–296. [CrossRef]
20. Van der Vlugt, R.; Peschel, J.; Schmehl, R. Design and experimental characterization of a pumping kite power
system. In Airborne Wind Energy; Ahrens, U., Diehl, M., Schmehl, R., Eds.; Springer: Berlin/Heidelberg,
Germany, 2013; pp. 403–425. ISBN 978-3-642-39965-7.
21. Bormann, A.; Maximilian, R.; Kövesdi, P.; Gebhardt, C.; Skutnik, S. Development of a three-line
ground-actuated airborne wind energy converter. In Airborne Wind Energy; Ahrens, U., Diehl, M., Schmehl, R.,
Eds.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 427–436. ISBN 978-3-642-39965-7.
22. Fritz, F. Application of an automated kite system for ship propulsion and power generation. In Airborne Wind
Energy; Ahrens, U., Diehl, M., Schmehl, R., Eds.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 359–372.
ISBN 978-3-642-39965-7.
23. Ruiterkamp, R.; Sieberling, S. Description and preliminary test results of a six degrees of freedom rigid
wing pumping system. In Airborne Wind Energy; Ahrens, U., Diehl, M., Schmehl, R., Eds.; Springer:
Berlin/Heidelberg, Germany, 2013; pp. 443–458. ISBN 978-3-642-39965-7.
24. Klempner, G.; Kerszenbaum, I. Operation and Maintenance of Large Turbo Generators; John Wiley & Sons:
Hoboken, NJ, USA, 2004; pp. 27–32. ISBN 0-471-61447-5.
25. Berdy, J. Out of Step Protection for Generators, GE Publication No. GER-3179. Available online: https:
//store.gegridsolutions.com/FAQ/Documents/CEB/GER-3179.pdf (accessed on 2 October 2018).
26. Bai, W.; Lee, D.; Lee, K.Y. Stochastic Dynamic AC Optimal Power Flow Based on a Multivariate Short-Term
Wind Power Scenario Forecasting Model. Energies 2017, 10, 2138. [CrossRef]
27. Laughton, M.A.; Warne, D.J. Electrical Engineer’s Reference Book; Elsevier: London, UK, 2003; ISBN
9780750646376.
28. IEEE Standards Board. 1159-1995-IEEE Recommended Practice for Monitoring Electric Power Quality;
The Institute of Electrical and Electronics Engineers Inc.: New York, NY, USA, 1995.
29. Blooming, T.M.; Carnovale, D.J. Application of IEEE STD 519-1992 Harmonic Limits. In Proceedings of the
Pulp and Paper Industry Technical Conference, Appleton, WI, USA, 18–23 June 2006. [CrossRef]
30. Ellis, R.G. Power Systems Harmonics: A Reference Guide to Causes, Effects and Corrective Measures.
An Allen-Bradley Series of Issues and Answers, Rockwell International Corporation. Available
online: http://literature.rockwellautomation.com/idc/groups/literature/documents/wp/mvb-wp011_
-en-p.pdf (accessed on 2 October 2018).
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
 
Airborne Wind Energy- A Review 
 
Mahdi Ebrahimi Salari, Joseph Coleman, Daniel Toal 
Mobile and Marine Research Centre, University of Limerick, Ireland 
Mahdi.EbrahimiSalari@ul.ie, Joseph.Coleman@ul.ie, Daniel.Toal@ul.ie  
 
Abstract   Airborne Wind Energy (AWE) is a new approach to harvest stronger 
wind streams at higher altitudes for renewable energy. This paper reviews recent 
developments in this field. Conventional wind energy and current constrains for its 
development are discussed and airborne wind energy as an appropriate solution in 
the literature is reviewed. Different AWE technologies are reviewed and appraised 
and other related issues such as transmission and curtailment are discussed.      
Keywords Airborne Wind Energy (AWE), Synchronous Generator, direct inter-
connection, Power to gas 
1- Introduction 
At present, with rising concerns about global warming and limited fossil re-
sources, renewable energy is more popular than ever. In recent decades, renewable 
energy has seen faster growth than other forms of energy production. Among dif-
ferent non-hydro renewable energies, wind energy has seen the biggest absolute 
increase. It is anticipated that the share of wind energy in total worldwide elec-
tricity generation will be 4.5% in 2030 and that wind power will be the second 
most significant source of renewable electricity production after hydropower (In-
ternational Energy Agency 2014).   
Despite the rapid development of wind energy in recent decades, it is still expen-
sive and most wind energy projects encounter financing problems (International 
Energy Agency 2014). Investors are demanding more profit from wind energy 
projects and researchers are looking for solutions to decrease the total cost of wind 
energy by reducing cost of construction, repair & maintenance and transmission to 
grid. According to (The European Wind Energy Association 2009), 91% of a typi-
cal wind turbine cost is allocated to the turbine, grid connection and foundation 
costs forming 75.6%, 8.9% and 6.5% respectively. Airborne wind energy can pro-
vide a significant cost reduction in turbine and foundation costs. Also, by using 
new technologies such direct interconnection and hydrogen production from cur-
tailed winds, grid connection cost will be reduced considerably.  
In this paper, different airborne wind energy technologies are reviewed and recent 
developments in utilizing curtailed winds and a new interconnection scheme are 
presented. 
2  
2- Airborne Wind Energy 
An AWE system typically consists of a free flying airborne element such as a kite, 
glider or floating horizontal axis wind turbine, which is connected to ground 
through a tether. The first study of airborne wind energy was conducted in 1930 in 
California, USA, though the first attempt to produce electricity from an airborne 
wind energy device was in Minnesota, USA; a generator was installed on a bal-
loon and it was capable of producing 350W electrical power (Manalis 1976). Loyd 
in 1980 reported the first analysis of kite for generating electrical energy. He mod-
eled large-scale power production by means of an aerodynamically efficient kite. 
According to his work with use of a tethered wing as big as a C-5A aircraft, it is 
possible to generate 6.7 MW of electrical energy with a 10m/s wind (Loyd 1980).      
The primary motivation for developing airborne wind energy systems is accessing 
stronger winds at higher altitudes. With increasing altitude, the speed of wind in-
creases and winds are more consistent and less turbulent. At altitudes above 200m, 
wind energy devices can provide the highest capacity factor at lower cost (Archer 
et al. 2009). According to (1) the wind power density at altitude (WPDh) increases 
to the cube of wind speed (Archer 2013). This cubic relationship can be seen also 
in figure 1 where increase of wind speed and power density with altitude is illus-
trated. This is the main motivation driving AWE device development; generating 
wind energy at higher altitude than possible with civil structures. With even small 
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Fig. 1. (a) Wind speed and power density with altitude, (b) Wind density 
and power density percentage increase with altitude (Coleman 2014). 
3 
A. Ampyx Power 
Ampyx Power is a Dutch company that is developing a pumping mode AWE sys-
tem with a tethered rigid wing glider called PowerPlane. Pumping mode AWE is a 
reciprocating operation which consists of two phases; the pumping phase and re-
covery phase. During the pumping phase, a tethered glider pulls on the ground sta-
tion tether drum through the tether. The drum is connected to generator by a 
drivetrain. With rotation of the tether drum, the generator will rotate, producing 
electricity. When the tether reaches the maximum length, the glider will change its 
flight path toward ground station and tether will be rewound onto the drum. This 
phase is called the recovery phase. Power is consumed during the recovery phase 
but it is considerably less than generated power in pumping mode. Ampyx Power 
AWE concept is demonstrated in figure 2 (Sieberling 2013). This company devel-
oped a prototype in 2013. The proposed system is a 12 kW PowerPlane which is 
described as a six degree of freedom rigid wing system. The electrical power take-
off for this prototype is a single direct driven electrical machine with grid connec-
tion through a power converter (Ruiterkamp et al. 2013). Ampyx Power is plan-








B. WindLift  
WindLift was founded in 2006 and developed a ground actuated kite control sys-
tem. This American company developed an AWE prototype which utilized a 40m
2
 
inflatable kite as the prime mover. The kite is tethered to a ground station by three 
tethers; one main tether that rotates the electrical generator and two steering teth-
ers that provide ground based steering actuation. This system is capable of produc-
ing 12kW peak electrical power form winds with speeds between 12 and 40 mph. 
The ground station of WindLift prototype is shown in figure 3 (Creighton 2012). 
As can be seen, the main tether is wound onto a drum which is connected to a 
generator. In the power phase, the kite rotates the generator through the tension in 
tether. In the recovery phase, the generator operates as a motor, winding the tether 
onto the drum. The WindLift current prototype uses a 90cm diameter drum, which 
is connected to 60kW motor-generator built originally for a hybrid electric bus. In 
the future, WindLift plan to improve the wing characteristics to increase power in 
generation phase and decrease consumption during recovery phase (WindLift 
2015). 
 
Fig. 2. Ampyx PowerPlane (Ampyx Power 2015) 
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C. EnerKite 
EnerKite was founded in 2010 in Germany. The core team behind EnerKite has 
been active in the area of AWE related systems since 2002. In 2008, Aeroix and 
Festo tested a prototype called ‘CyberKite’. This prototype used an innovative hy-
brid kite designed with a bionic stingray shape and helium supported wings. The 
development of the control mechanism for this 24m
2
 kite ended in 2010 after sev-
eral hundred hours of testing (Bormann et al. 2013).      
After the establishment of EnerKite this company drew on its experiences from 
CyberKite to develop a new prototype ‘EK30’. This AWE device is a 30kW pro-
totype which is driven by a three line ground actuated kite power system. This 
prototype has been developed as a mobile AWE system mounted on a vehicle and 
works off-grid using battery storage. It can operate at altitudes between 100 and 
300m and uses a 30m
2 
wing (Bormann et al. 2013 and EnerKite 2015). The EK30 
is shown in figure 4. 
EnerKite is planning to develop two new prototypes in 2017 and 2018. EK200 is 
designed to generate 100kW electricity as a standalone system or within an isolat-
ed grid. The wing area of this system is 30m
2
 and it will be capable of operating in 
wind speeds between 3m/s and 20m/s. EK1M is a large-scale commercial product 
which is planned to be on the market by 2018. This system can generate 500kW 
electrical energy connected to a power grid. The EK1M is projected to use a 
125m
2
 area kite and it will operate in wind speeds from 3m/s to 25m/s. The maxi-















SkySails was established in 2001 to develop airborne wind energy devices for ship 
propulsion augmentation. Between 2001 and 2006, they tested small scale proto-
types on various vessels. In 2013 SkySails developed a ship towing kite which is 
 
Fig. 4. EnerKite (Bormann et al. 2013) 
 
Fig. 3. WindLift ground station (Creighton 2012) 
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capable of displacing up to 2MW propulsion power. This 320m
2
 kite can allow a 
ship to reduce fuel oil consumption by up to 10 tons per day. This company has 
extended its interests to electrical power generation. In 2011, SkySails developed 
a 55kW prototype for producing electrical energy. The prototype is a pumping 
mode airborne wind energy system, which uses a single motor/generator for elec-
trical power takeoff and kite recovery in the pumping mode cycle. SkySails are 
planning to develop a 1MW offshore airborne wind energy device, which would 
use a 400m
2
 kite on a 1000m tether. SkySails are considering the development of 
the first offshore AWE farm with over 7 MW per device (SkySails 2015 and Fritz 
2013).      
E. Makani Power 
Makani Power, a Google X company, has developed a unique type of airborne 
wind energy, which is called an Airborne Wind Turbine (AWT). The AWT is a 
rigid wing which carries eight propeller/turbines with each connected to mo-
tor/generator. During launch, the electrical machines drive the propellers consum-
ing power to bring the system from the ground station to the desired starting alti-
tude. The propellers are then adjusted to act as turbines driving the electrical 
machines as generators, producing electricity. The generated power is transferred 
to the ground station through the tether. The tether is made of conductive alumi-
num wires and high strength carbon fiber core (Makani Power 2015). In addition 
to power transmission, the tether provides communications between AWT and 
ground station. Installing electrical power take off machinery on the wing increas-
es the airborne system mass. For a 100kW AWT with 8 turbines the overall 
weight of power electronics converters and generators/motors on the airfoil would 
be 70 kg and tether weight will be 320 kg. The optimal tether voltage for mini-
mum mass is 8kv DC (Kolar et al. 2011). Makani Power has tested two 10 kW and 
30kW prototypes and currently they are working on an AWT device with 600kW 
rated power in an 11.5 m/s wind, which operates at altitudes between 140m and 
310m with a 145m circling radius (Makani Power 2015).  
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(b) 
Fig. 5. SkySails productions, (a) Ship propulsion system,  
(b) airborne power generator (Fritz 2013) 
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F. Sky WindPower 
Sky WindPower is developing an innovative type of airborne wind energy device. 
This system is an autonomous quad-copter, which consumes electrical energy to 
reach the appropriate altitude for power generation. When the device arrives at the 
desired altitude, it inflects itself to the wind at a specific pitch angle to allow the 
rotors to be driven by the wind, consequently generating electrical power and lift 
simultaneously. Their device, which is called Wind Airborne Tethered Turbine 
System (WATTS), is nearly ready for customer testing and can generate 240kW 
nominal electrical power at altitudes up to 2000m with high wind speeds from 
9mph to greater than 65 mph (Sky Wind Power 2015). WATTS is designed to op-
erate in off-grid sites such as military outposts, naval vessels, mining operation, 
oil drilling platforms, agricultural, scientific and research facilities. In addition, 
WATTS will be capable of performing other roles such as “Eye in the Sky” secu-
rity systems, remote antenna elevation, atmospheric sampling, weather monitor-
ing, etc. (Sky Wind Power 2015 and Roberts et al. 2007)  
G. Academic Research 
In several universities, airborne wind energy is under investigation. TU Delft is 
one of the leading universities working on AWE systems. In 1999, they undertook 
their first AWE system analysis (Ockels 2001 and 2004). This system consists of a 
number of wings that are connected to each other by a single tether driving a 
ground located generator. In 2013, a 20kW rated ground station and kite control 
system for a pumping mode AWE prototype was developed by researchers in TU 
Delft (Jehle et al. 2014).  Developing novel control methods, ground station and 
kite design are other issues that are under investigation in TU Delft (Lansdorp et 
al. 2007, Williams et al. 2008 and Fechner et al. 2015).  
In Politecnico di Torino, a prototype called KiteGen has been simulated and test-
ed. Two different topologies have been presented by researches in Politecnico di 
Torino, yo-yo and carousel configuration (Canale et al. 2010). The yo-yo configu-
ration is the same as pumping mode AWE, while the proposed carousel configura-
tion consists of several airfoils, each one connected to a kite steering unit (KSU) 
placed on a vehicle moving along a circular rail path. Each airfoil pulls one vehi-
cle on the carousel while the vehicles maintain constant separation from each oth-
er on the rail. Electrical power is generated through motor/generators driven by 
the wheels of each rail vehicle (Canale et al. 2006 and 2007). 
Neural network controllers for controlling airborne wind energy systems have 
been developed at the University of Sussex. The evolution of neural network con-
trollers has been carried out by genetic algorithms. It has been shown that contin-
uous time recurrent networks (CTRNN) are capable of being trained for flying 
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AWE kites in an appropriate repetitive trajectory even when the length of tether is 
changing (Furey 2011and Furey et al. 2007). 
A two-line kite control algorithm has been developed in KU Leuven. This control-
ler is capable of controlling the lateral angle of kite and feedback is used to stabi-
lize the orbit of the kite. For monitoring of the motion of the kite, polar coordi-
nates are used in four degrees of freedom (Diehl et al. 2001). Optimization of 
towing kites, developing a non-linear model of predictive control, new approaches 
for launch and recovery of glider AWE systems and trajectory optimization of 
AWE devices are other research works which have been carried out at KU Leuven 
(Geebelen et al. 2012, Houska et al. 2006,2007 and Ilzhoefer et al. 2007). In addi-
tion, in (Zanon et al. 2013) the use of two airfoils for airborne wind energy sys-
tems on a single main tether has been investigated. 
 
A new power take off method for pumping mode airborne wind energy has been 
developed at the University of Limerick. This AWE prototype does not reverse the 
generator to perform the recovery task, but rather this is performed by a fractional 
scale recovery motor. In this arrangement, the two pumping mode operations are 
separated and performed by optimally specified electrical machines for each task. 
Using a non-reversing generator is more suitable for power generation and deliv-
ery to grid especially at large scales. Furthermore, direct interconnection of AWE 
generators and distributed control for the flight of tethered kites have been devel-
oped at the University of Limerick (Coleman et al.  2013 and 2014) and remains 
an active area of research. 
Currently, six universities consisting of TU Delft, KU Leuven, TU Munich, ETH 
Zurich and University of Limerick and four industrial partners are cooperating in 
the AWESCO ITN, a Marie Skłodowska-Curie action under the Horizon 2020 
framework program of the European Union (AWESCO 2015).  This network is 
focused on the development and optimization of AWE technology and methods 
and will ensure the continued development of AWE within the EU.  
3-  Dispatch and curtailment  
Dispatching generated power is a challenge in dealing with airborne wind energy 
systems especially with offshore devices. Conventional wind energy technology 
deploys power converters in each unit where the generated power is converted to 
DC and recovered to gird compliant AC for supply to the distribution network. 
Using power converters for each unit will increase rate of failure and cost of sys-
tems, as according to (Spinato et al. 2009) the converter has the third highest fail-
ure rate among wind turbine subassemblies. In offshore airborne wind energy de-
vices, the failure rate and cost would be even more because of high expenses of 
offshore repair and maintenance and the novelty of the technology. In (Pican et al. 
2011) a new approach, called direct interconnection, has been proposed and tested 
for offshore wind energy systems. In this method, power converters are removed 
from the individual power devices and the generators are synchronized directly 
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onto an offshore power bus by means of a synchronization controller. After syn-
chronization, overall generated power is dispatched to on-shore station. In an on-
shore station, a back-to-back converter provides a grid-code compliant AC output 
from the interconnected offshore bus. This approach has been analyzed for pump-
ing-mode airborne wind energy systems in (Coleman et al. 2014) and conventional 
wind turbines in (Pican et al. 2011) with very good results.     
In a curtailment situation, wind is available but the grid operator does not allow 
the wind farm to dispatch the generated power to the grid. A wind turbine or AWE 
system might be curtailed when the transmission system is under loaded due to 
lack of demand. In this situation, the system is subjected to overvoltage conditions 
and network operators try to relieve this by decreasing power production on the 
network. Curtailment may also happen for other system reasons such as frequency 
control or market based protocols (Bird et al. 2014).     
During curtailment conditions, it may be possible to store energy locally rather 
than ceasing operation or reducing/curtailing generated power. Different methods 
for storing curtailed wind energy exist such as pumped hydroelectricity storage 
(PHES) (Deane et al. 2010) and compressed air energy storage (CAES) (Beaudin 
et al. 2010).  Power to gas (P2G) is a new approach, where curtailed wind energy 
is converted to methane gas which can be sold for gas network consumption, 
transportation, heating, etc. P2G systems convert electrical energy to hydrogen 
through an electrolysis process. The produced hydrogen is then converted to me-
thane by reaction with CO2 .The required CO2 could be achieved from different re-
sources such as ambient air, thermal power plant exhaust or biogas. The overall 
efficiency of power to gas conversion is between 55 and 80 percent depending on 
the efficiency of the electrolysis and methanation processes (Ahern et al. 2015). 
Winds in higher altitudes are more consistent and hence AWE systems can operate 
more often than conventional wind turbines. Since it is not always possible to dis-
patch generated power to grid, using power to gas technology would be very help-
ful technology for utilizing curtailed winds.      
4-  Conclusion  
Different AWE technologies have been reviewed. In some technologies, soft 
wings provide the mechanical prime mover while some others are using rigid 
wings to harness wind energy. AWE systems with rigid wings are more efficient 
and easier to control. In the case of soft wings, researchers are developing new 
kite models and construction methods to improve their efficiency. Using a pump-
ing mode operated ground station is the most popular electrical power take-off 
method. In some cases such as Makani AWT and Sky WindPower WATTS, gen-
erators are mounted on the wing. In these cases, high voltage tethers, increased 
weight and mechanical strength of cables for transmitting power from wing to 
ground station are fundamental challenges, especially in large-scale devices. 
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Dispatching generated power is a very significant factor in the cost of generated 
power. In the case of offshore AWE systems, dispatch becomes much more im-
portant because of the long distance from the shore and the high expenses of off-
shore repair and maintenance. Direct interconnection is an appropriate solution for 
reducing the cost of generated power by minimizing the number of power elec-
tronic converters offshore. Using curtailed wind energy for producing gas would 
be a very useful technology to store generated power by AWE devices during the 
periods when it is not possible to deliver electrical power to the grid.              
Various companies and universities are developing AWE systems with many 
promising commercial products by 2020. Despite the widespread developments of 
airborne wind energy systems, this technology is still very young and much work 
remains to move towards commercial devices.  
      Acknowledgments    
This publication has emanated from research supported by the Science Foundation Ireland under 
the MaREI Centre research program [Grant No. SFI/12/RC/2302] and through the support of the 
European Commission under the H2020 Marie Skłodowska-Curie action: ITN AWESCO [Ref-
erence No. 642682].  
References 
Ahern EP, Deane P, Persson T, Gallachoir BO, Murphy JD (2015) A perspective on the potential 
role of renewable gas in a smart energy island system.  Renewable Energy 78: 648- 656 
Ampyx Power (2015) Airborne Wind Energy. http://www.ampyxpower.com Accessed 1 OCT 
2015 
Archer CL, Calderia K (2009) Global assessment of high-altitude wind power. Energies 2: 307-
319 
Archer CL (2013) An introduction to meteorology for airborne wind energy. In: U.Ahrens, et al 
Airborne Wind Energy, Chapter5, Springer, Heidelberg, pp 81-94 
AWESCO (2015) Airborne Wind Energy. http://www.awesco.eu/ Accessed 1 Oct 2015 
Beaudin M, Zareipour H, Schellenberglabe A, Rosehart W (2010)  Energy storage for mitigating 
the variability of renewable electricity sources. An updated review. Energy Sustain Dev 
14(4):302-14 
Bird L et al (2014) Wind and solar energy curtailment: experience and practices in the United 
States. National Renewable Energy Laboratory (NREL) USA  
Bormann A et al (2013) Development of a three-line ground-actuated airborne wind energy con-
verter. In: Uwe Ahrens, et al (ed) Airborne wind energy, Chapter 24, Springer, Heidelberg, pp 
427-436 
Canale M et al (2010) High altitude wind energy generation using controlled power kites. IEEE 
Transactions on Control Systems Technology 18(2):279- 292 
Canale M, Fagiano L, Milanese M, and Ippolito M (2006) Control of tethered airfoils for a new 
class of wind energy generator. In: Proc. 45
th
 Conf. Dec. Control, p 4020–4026. 
Canale M, Fagiano L, and Milanese M (2007) Power kites for wind energy generation. IEEE 
Control Syst. Mag. 27(6):25–38 
10  
Coleman J, Ahmad H, Pican E, Toal D (2014) Modeling of a synchronous offshore pumping 
mode airborne wind energy farm. Energy 71: 569-578   
Coleman J (2014) Distributed control system and novel power take off method for pumping-
mode airborne wind energy. Dissertation, University of Limerick 
Coleman J, Ahmad H, Pican E and Toal D (2013) None-reversing generators in a novel design 
for pumping mode airborne wind energy farm. In: In: Uwe Ahrens, et al (ed) Airborne wind en-
ergy. Chapter 34, Springer, Heidelberg pp 587-597    
Creighton R (2012) Go fly a kite. IEEE Spectrum 49(12):46-51 
Deane JP, O Gallachoir BP, McKeogh EJ. (2010) Techno-economic review of existing and new 
pumped hydro energy storage plant. Renew Sustain Energy Rev 14(4):1293-302 
Diehl M et al (2001) Real- time optimization for large scale nonlinear processes.  Dissertation, 
Heidelberg: Ruprecht Karls University 
EnerKite (2015) Airborne Wind Energy. http://www.enerkite.de/en/ Accessed 1 Oct 2015 
Fechner U, Vlugt RV, Schreuder E, Schmehl R (2015) Dynamic model of a pumping kite power 
system. Renewable Energy 83: 705-716 
Fritz F, (2013) Application of an automated kite system for ship propulsion and power genera-
tion. In: Uwe Ahrens, et al (ed) Airborne wind energy, Chapter 20, Springer, Heidelberg, pp 359-
372 
Furey AD (2011) Evolutionary robotics in high altitude wind energy application. Dissertation, 
University of Sussex 
Furey A and Harvey I (2007) Evolution of neural networks for active control of tethered airfoils. 
In: Proc.9th European Conference, ECAL 2007, Lisbon, Portugal, 10-14 Sep. 2007 
, p 746-755 
Geebelen K et al (2012) An experimental test set-up for launch/ recovery of an Airborne Wind 
Energy (AWE) system. In: Proc. American Control Conference (ACC), Montreal p 4405-4410 
Houska B and Diehl M (2006) Optimal control of towing kites. In: Proc. 45
th
 IEEE conference 
on Decision and Control, San Diego p 2693-2697 
Houska B et al (2010) Robustness and stability optimization of power generating kite systems in 
a periodic pumping mode. In: IEEE International Conference on Control Applications (CCA), 
Yokohama, p 2172-2177 
Ilzhoefer A et al (2007) Nonlinear MPC of kites under varying wing conditions for a new class 
of large scale wind power generators. Int. J. Robust Nonlinear Control 17(17):1590-1599 
International Energy Agency (IEA) (2014) World Energy Outlook 2014. IEA Publications, Paris 
Jehle C and Schmehl R (2014) Applied tracking control for kite power systems. Journal of Guid-
ance, Control and Dynamics 37(4):1211- 1222 
Kolar JW et al (2011) Conceptualization and multi-objective optimization of the electric system 
of an airborne wind turbine. In: ISIE 2011, 27-30 June 2011, p 26 – 31 
Lansdorp B, Ockels WJ (2007) Design and construction of a 4 kW ground station for the Lad-
dermill. In: 7
th
 IASTED International Conference on Power and Energy systems (EuroPES 
2007), Palma de Mallorca: IASTED, p 1- 8 
 
11 
Loyd ML (1980) Crosswind kite power. Energy 04(03):106-111 
Manalis MS (1976) Airborne windmills and communication aerostats. Journal of Aircraft 
13(7):543–544 
Makani Power (2015) Airborne Wind Energy http://www.google.com/makani/technology/ Ac-
cessed 1 Oct 2015 
Ockels WJ (2001) Laddermill, a novel concept to exploit the energy in the airspace. Aircraft De-
sign 4:81-97 
Ockels WJ et al (2004) The Laddermill: work in progress. In: European Wind Energy Confer-
ence, London, p 1-7 
Pican E, Omerdic E, Toal D, Leahy M (2011) Analysis of parallel connected synchronous gener-
ators in a novel offshore wind farm model. Energy 36(11):6387-6397 
Roberts BW et al (2007) Harnessing high altitude winds power. Energy Conversion IEEE Trans-
actions on 22(1):136 – 144 
Ruiterkamp R and Sieberling S (2013) Description and preliminary test results of six degrees of 
freedom rigid wing pumping system. In: Uwe Ahrens, et al (ed) Airborne wind energy. Chapter 
26, Springer, Heidelberg, pp 443-458 
Sieberling S (2013) Flight guidance and control of a tethered glider in an airborne wind energy 
application.  Advances in Aerospace Guidance Navigation and Control (Selected Papers of the 
Second CEAS Specialist Conference on Guidance, Navigation and Control), Springer, Heidel-
berg, pp 337-351    
SkySails (2015) Airborne Wind Energy.  http://www.skysails.info/english/power/development/3-
product-35-mw-and-first-test-wind-farm/  Accessed 1 Oct. 2015 
Sky Wind Power (2015) Airborne Wind Energy http://www.skywindpower.com/ Accessed 1 Oct 
2015 
Spinato F et al (2009) Reliability of wind turbine subassemblies. IET Renew. Power Gener. 
3(4):1–15 
The European Wind Energy Association (2009) The economics of wind energy  
WindLift (2015) Airborne Wind Energy. http://windlift.com/technology.html Accessed 1 Oct 
2015 
Williams P et al (2008) Modeling, simulation, and testing of surf kites for power generation. In: 
AIAA Modeling and Simulation Technologies Conference and Exhibit 18 - 21 August 2008, 
Hawaii, pp 1- 20 
Zanon M et al (2013) Airborne wind energy based on dual airfoils. IEEE Trans. on Control Sys-
tems Technology 21(4):1215-1222 
 
 
  
 
 
  
  
 
 
